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PREFACE. 



The present volume is intended to present in convenient form 
the state of the art of electrical power transmission as set forth 
in the International Electrical Congress of 1904. These col- 
lected papers were gathered for the most part from the thornj- 
fields of practical experience and as these have varied in kind 
and locality so have likewise the judgments plucked from them. 

They cover, therefore, very various phases of the subject con- 
sidered from various points of view, but from this diversity of 
topic and treatment they are particularly valuable to one who 
wishes to learn at first hand the facts which have been dis- 
closed to engineers in their daily experience. That all the 
views presented should be accordant and should form a syste- 
matic treatment of the present state of power transmission is 
not to be expected. Wherever opinions differ sharply it is safe 
to conclude that the matter is one which is subject to varying 
circumstances in an unusual degree. For example, the reader 
will note very great divergence in the considerations of line con- 
struction, which may fairly be taken as a certain indication tha ;. 
the same construction is not appropriate to all lines in all places. 
On the other hand, in the matter of line and plant design in it? 
general conditions there is very little difference of opinion, this 
being a thing which is fairly determinable from general prin 
ciples. In other words, if half a dozen engineers were requested 
to report on the same project they would probably present 
almost identical results in the general equipment for power- 
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house and line, but would vary greatly in many details of 
construction. 

These latter, therefore, constitute that part of the art which 
is somewhat indeterminate and on which more light is needed. 
jSTevertheless these papers form a body of precedent from which, 
as in legal affairs, valuable information may.be secured. It 
would be unfortunate, however, if precedent in engineering 
matters were given the weight that attaches to it in juris- 
prudence. In engineering there is neither any Supreme Court 
nor body of common law handed down from an earlier civiliza- 
tion. In fact a period of standardization generally implies 
cessation of improvement. But it is often a good thing to go 
back in case of doubt to original sources of information like 
these and to see what decisions were reached by skilled men in 
dealing with the conditions that confronted them. And all 
these papers have the value that comes of personal contact with 
the subjects considered. It would be invidious, therefore, to 
attempt at the moment any comparison between them. They 
represent a growing art, which can be successfully followed up 
only by reading attentively of progress as it is made. Herein 
lies the value of the present volume, that it gathers from a 
source not always conveniently accessible the best judgments 
of experts regarding some highly important topics, delivered at 
a recent date, and puts them all together where they can be 
consulted when necessary. There is not one of them but will 
repay careful study, and their aggregate forms a sort of 
landmark in the art from which the bearings of future progress 
may be taken. 

LOUIS BELL. 

Boston, Mass. 
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ELECTRICAL POWEE TRANSMISSION. 



BY CHAS. F. SCOTT. 



The national and international expositions held in America 
mark certain fairly definite eras in electrical development. 

In 1876, at the Philadelphia Centennial, the telephone was an- 
nounced. There was a dynamo which could supply one are lamp. 
One of the features of the exposition was a great engine of 
1000 hp. 

In 1884 an electrical conference was held in Philadelphia. By 
this time electric lighting was assuming commercial significance. 
There were numerous stations supplying arc lights and incandes- 
cent lights. Some of these were beginning to pay dividends, 
marking the passage of the electrical industry from the experi- 
mental to the commercial stage. Generally speaking, however, the 
apparatus was crude and inefficient, there were few stationary 
motors, the railway motor and the alternating current had no 
commercial significance. 

By 1893, the year of the Columbian Exposition at Chicago, elec- 
trical matters were assuming an extended engineering and com- 
mercial development. Engine-type generators for alternating and 
direct current were being introduced. The street-railway motor 
was just beginning to operate cars heavier than the ordinary street 
car, although the principal thoroughfare in New York city was 
starting a cable road. Electrical exhibits were in great promi- 
nence at the exposition, but, in looking back over a decade, the 
most striking feature is that certain things which axe now so com- 
mon were there simply as exhibits. 

The rotary converter was a curiosity in 1893. It began its com- 
mercial work a few years afterward and did not become a very 
important element in electrical systems until four or five years 
later. In a discussion upon power transmission at the Electrical 
Congress held that summer, an electrical engineer from California 
made this statement: "I wish to say definitely that to the in- 
vestor in California to-day, the successful machine for long dis- 
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2 SCOTT: ELECTRICAL POWER TRANSMISSION. 

tance transmission of power electrically exists only in the minds 
of the inventors and promoters, or in some beautiful advertise- 
ment." There had been in operation for a few years a single-phase 
transmission of about 200 kw at 30,000 volts a distance of less 
than 30 miles for lighting. There were a few plants transmitting 
power by single-phase synchronous motors at voltages of about 3000. 
Although polyphase generators "were in use, there was no plant 
transmitting polyphase current at high voltage. I remember dis- 
tinctly a friend announcing to me during the Congress that it had 
just been officially determined to use polyphase alternating cur- 
rent instead of direct current for the Niagara Falls Power Com- 
pany. The contract for the Niagara generators was closed several 
months later. The Folsom-Sacramento transmission, which I 
believe may be classed as the first polyphase high voltage system 
in America, was not undertaken until the following year. 

In the Congress of 1904, the section which has to do with elec- 
tric power transmission deals therefore with a branch of engineer- 
ing which has had its commercial development within the past 
decade, and, furthermore, the great bulk of that which has com- 
mercial value and engineering interest does not date back more 
than half of that time. 

Approximate statistics show that the apparatus manufactured 
by the leading American companies for power transmission at 
10,000 volts or higher provides for the transmission of approxi- 
mately 1,250,000 hp, all by polyphase current. These striking 
figures indicate a quantitative of commercial development, which 
is, however, no more remarkable than the qualitative or engineer- 
ing development. The elementary diagram of a power transmis- 
sion system with generator, raising transformers, transmission line 
and lowering transformers has been developed into great systems 
with many power-houses, with networks of high-tension circuits 
connecting many sub-stations, which in turn have distributing cir- 
cuits with very exacting requirements. Substantially every ele- 
ment in the system from the generator shaft to the incandescent 
lamp, or motor pulley, has required the constant attention of the 
designer and engineer. Generator and transformer design, types 
of windings and of insulation, switchboard, switches, instruments, 
protective apparatus, insulators, pins and line construction have 
all passed through many stages of development since the early 
plants were installed. Bach advance in voltage, each increase in 
power, each increase of distance, .^ach station or sub-station added 
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to a system has increased foniicr difficulties and has brought forth 
new ones. 

Problems of transmission are not problems which can be solved 
in the laboratory alone. Apparatus must meet the precise con- 
ditions of operation and be judged by experience. 

The transmission problem, moreover, is not one pertaining to 
a single plant. The conditions of climate and of service require- 
ments are varied. That which is successful in one place, and for 
a given kind of service, may be wholly inadequate elsewhere. 

The general engineering problems involved in high-tension 
transmission are not those for the individual, but, broadly speak- 
ing, they are for the engineering profession. We will not succeed 
by isolation but by cooperation. He who does not contribute to 
the general fund of experience and he who does not profit by the 
experience of otJiers is narrow and short-sighted. Competition 
and rivalry should not limit and restrict progress, but should urge 
to better attainments. Eesearch and experience, theory and prac- 
tice must go hand in hand. 

Well may we congratulate ourselves upon the progress, both 
quantitative and qualitative, which has been made in the past 
decade, but we have reached no limit, no resting place. There 
is every indication that the growing applications and the demands 
for power, the enlarging radius which high pressures make prac- 
ticable will bring more difficult and more exacting problems to 
the engineer and will lead to results which in future may make 
our present record simply the small beginnings of what is to 
follow. 

A great impetus was given to the polyphase system when it was 
adopted by the Niagara Falls Power Company and the selection 
of 25 cycles, a radical departure from the practice and the preva- 
lent ideas of that time, was effective in making this frequency 
a recognized standard. 

A few facts in connection with the power developments at 
Niagara Falls are significant and typical. From the first, a large 
portion, usually the greater part, of the power developed has been 
consumed by processes or industries which were not yet invented 
or perfected at the time that the Niagara development was under- 
taken. The initial installation of the Niagara Falls Power Com- 
pany consisted of three generators with a combined output of 
15,000 hp, although wheel pits were provided for two more units. 
The first power was delivered commercially in 1895, nine years 
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ago. Extensions have been rapid. This company has generators 
aggregating over 100,000 hp installed. Another company is de- 
veloping 25,000 hp electrically, and plants are now under active 
construction for an additional output of nearly 500,000 hp. 

Many of the electrical questions which are of particular interest 
at the present time are not broad and general, they are specific 
and in detail, they are with regard to the particular type, or form 
of apparatus, or method of construction. In recent conferences 
with the engineers of three transmission systems I found that each 
had a particular element in his system which was the source of 
most of his trouble, and yet, in two of the. cases the elements most 
liable to give rise to trouble caused little or no apprehension in 
either of the other plants. The difficulties in one place may not 
be the difficulties in other places. Hence the value of free inter- 
change of experience and of data. 

A recent writer has said that the cost of a great exposition might 
well be borne by the general government as there would be value 
returned through the indirect impetus given to its citizens: Even 
from the inspiration given to a single individual there might come 
results which would justify the whole cost. We have come to- 
gether for interchange of infonnation and of ideas. Fortunate 
will we be if, supplementing the mutual helpfulness and assistance 
which is sure to follow, there may be also an outlining and con- 
sideration of the problems of the future. It is well to look to 
the details of our present apparatus and systems, we must be awake 
also to the discovery of things which are radically new in mate- 
rials, in design, in method, which may better solve the problems 
we now have and which may enable us to enter into new fields. 

Discussion. 

Chairman Scott : Let me speak a word on behalf of the officers of this 
Section. I think the first power transmission which can be considered 
broadly electric power transmission on a fairly long-distance and definite 
scale was the one at Telluride, Colorado, a 100-hp. motor operated over a, 
few miles at 3,000 volts. It was my privilege to have much to do with the 
designing and arrangement of the apparatus and system for that operation, 
so that I think I take a just pride in having had something to do with 
the first American power-transmission system. Dr. Bell, our secretary, 
was at the World's Fair in Chicago on the occasion to which I referred; 
he was on his way to Redlands, Cal., to put in operation the Redlands 
plant, which transmitted three-phase currents at twenty-five or twenty-six 
hundred volts for a distance of eight miles, and was at the time the largest 
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power transmission. A little later, I think the next year, it was he, if I 
am correct, who started the Folsom-Sacramento plant which I have classed 
as the first real polyphase high-tension transmission plant. So that among 
your officers you have the pioneers in the business. 

Dr. F. A. C. Peeblne: What was the date of the Standard Consolidated 
Plant of Bodie? 

Chairman ScoTT: At Bodie, Cal., a plant, practically a duplicate of 
the Telluride plant, was put in operation in 1892 or the beginning of 1893. 

Dr. Bell: A few words in reference to the early state of the art may 
possibly be of interest to some of the members. I remember very well the 
first start at polyphase alternating-current transmission. It was in 
1892 when the two great rival companies were competing commercially, 
and both of them struggling with the possibilities of transmission. I re- 
member coming that year to take charge of transmission work for the 
General Electric Co. and finding as a heritage a, contract in Walla 
Walla, in the state of Washington, for a transmission of five miles, to the 
amount of about 150 horse-power. At that time, 1892, we were practically 
lacking in this country any means of doing that work. The heritage had 
come in the form of a contract for high-voltage direct-current machines 
and there was at that time in America no manufacturer who would tackle 
the proposition of making 150 horse-power direct-current machines to 
transmit power five miles at any kind of efficiency. The proposition as 
originally brought before me included a, 2000-volt machine and there was 
not a maker in this country who dared wrestle with building a 2000-volt 
machine of that capacity. The contract nad to be filled, and I remember 
almost the first thing I had to do in taking hold of that transmission work 
was to find some way of getting out of the difficulty, which was done by 
using a single-phase lighting machine, 150 kw, at each end, and starting 
the synchronous motor, which took all the power, by means of throwing 
the exciters of the two machines at extra high-voltage upon the line and so 
getting up speed. That plant may be running yet; it was running up to 
three or four years ago. By the next year, progress had been rapid and the 
three-phase generators were worked out so that that first Redlands plant 
was sold in February or March, 1893, and got installed just after the 
Electrical Congress, without any considerable difficulty. On that occasion, 
I believe, two three-phasers were commercially worked in parallel for the 
first time. The plant was sold under a guaranty, stimulated by the engi- 
neers of the company of which our honored president has long been the elec- 
trical light; a guaranty that required operating in parallel, and I think 
there was a doubt that lingered in the minds of a good many people as 
to whether it could be done. A time came when both generators were 
installed and the president of the company rode up through the canyon on 
a short hunting trip, and as he went through the station, and saw the 
preparations made for paralleling the machines, suggested that he would 
like to see that guaranty fulfilled then and there. I remember taking — 
not my life but my nerve in my hands, and parallelizing then and there 
the machines, and, for a wonder, they went together without the slightest 
difficulty. I say, for a wonder — I knew from experiments in the labora- 
tory they must go together, and I knew perfectly well when they were- 
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synchronized tliey would go together, but confidentially, I may be here 
justified in saying that the next two or three times we tried to parallel 
those machines there was trouble. That was the first of the American 
polyphase plants, if I possibly except a pair of little generators which 
were then running in Concord, N. H., aggregating 70 kw or 35 kw apiece. 
They were machines which had been remodeled from the old single-phasers 
and had surface-wound armatures, giving 500 volts or thereabouts, and the 
history of the installation of those two machines may be of interest. 
Another contract had been taken and was passed on to me at the same 
time, to-wit: in 1892, — a proposition for transmitting power five miles, 
in Concord, N. H., for the purpose of running small motors. That con- 
tract had been closed with the specification of using two 500-volt generators 
connected on a three-wire system. After much labor I succeeded in pur- 
suading the agents and the buyers to the point of using three-phase 
apparatus. Some of the three-phase motors were delivered and it was 
necessary, prior to the installation of the large machines, which was 
waiting the completion of the dam, to do something toward supplying 
customers with motors. The company did not desire to put in any 
more 500-volt continuous-current motors, so two or three — three, I 
think, — - polyphase induction motors — the first in commercial use in 
this country — were shipped up there and the two little generators 
were sent up after them and installed in a steam-driven station. Those, 
I believe, were actually the first polyphase machines which were in 
use in this country. Somewhat later, another interesting plant was 
installed, in Taftville, Conn. It was a duplicate of the Redlands plant, 
practically, on a five-mile transmission, which is not at all notable 
but at least interesting as being the first transmission for driving rail- 
way generators for street-ear service. They were driven in connection 
with other mill machinery by a 250-hp. synchronous motor, the synchronous 
motor having auxiliary windings in the field and being started as an 
induction motor. In connection with that plant some of the early difii- 
culties are forcibly brought to mind. There were no insulators at that time 
adequate for use as pull-off insulators in keeping up the line, and during 
one whole afternoon we ran the railway and the mills of 1,700 looms with 
arcs breaking every few minutes across the insulators at the end of the 
line, while an industrious assistant of mine, perched on an enormous pile 
of dirt which had been accumulated in the excavation of the tailraee, was 
making (to use a Hibernianism ) snow-balls out of the dirt and throwing 
them at the insulators to break the arcs. Such were some of the asperities 
with which we had to contend in the very early days, but those days were, 
providentially, soon ended. 

Mr. E. I^LBUEN Scott: There is an impression in Europe that the 
adoption of the polyphase alternating current at Niagara followed directly 
from the success of the Tivoli-Rome installation. I remember going down 
to see that particular plant soon after it was started, about 1892, and on 
signing the register, I remember seeing the names of the members of the 
Niagara commission. I really believe that the instant and complete suc- 
cess of that particular installation had great weight with them. We have 
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not much to show in England in transmission of power, in the early days, 
but perhaps I may be allowed to remind you of the pioneer work of Fer- 
ranti, when he transmitted power by alternating currents from Deptford 
to London, eleven miles at 10,000 volts. He proved that it was possible 
to transmit power at such a high pressure through underground insulated 
cables. That was a very important thing for us to know. We were not 
then allowed to run bare high-pressure wires. Our Board of Trade is much 
more reasonable now, I am glad to say. 

Mr. Scott has mentioned that a large amount of transmission work has 
been done within the last five years, and especially on the Pacific coast. 
Is not this traceable to the peculiar geographical advantages there* The 
very high falls enable you to use the tangential water wheel, which is 
the most beautifully simple, as well as the cheapest, prime mover in the 
world. The steam-turbine cannot compare with it. 

I am now engaged on a plant in North Wales, where we are using power 
from a lake on Mount Snowdon, and we have a fall there of 1150 feet; 
but I do not know of such another case in Great Britain. There are two 
or three others of 900 feet; but they require expensive hydraulic works 
to develop them. When I came to work out the details of the Snowdon 
plant, I was specially struck with the simplicity of a plant driven by 
high-pressure tangential water-wheels. With high falls, the water is gen- 
erally pure and free from sand, as well as from organisms that cause 
growth in pipes. On low falls, the water is much more likely to contain 
organisms, and machines have had to be invented to scrape out the pipes. 
On the Pacific coast you have pure water, in some cases from glacial 
streams, and the reason why so much power transmission has centered 
there is largely due to those high falls. 

Chairman Scott : The last speaker mentioned one of the geological con- 
ditions which has favored our transmissions in California, namely, the 
mountain ranges and the high falls. There is another which I think has 
been equally favorable to water-power development, and that is the lack 
of coal. The cost of fuel is high and water-power is resorted to as a 
necessity. I noticed when the pure water of California was mentioned as 
being the only thing to be found there, that our friend Mr. Hutton looked 
a little dubious. He appeared to be rather surprised at so general a 
statement. 

Mr. E. S. Hutton ; Regarding the pureness- of the water, Mr. Chairman, 
in the winter time, as in any other good country, we have rain. While 
• our rainy season is rather short we have a fair share of it. A good many 
of our plants are located at points well down on the sides of the mountains, 
and above such points in earlier times the sides of the mountains have been 
considerably gouged out by the hydraulic mining processes. This has 
filled up a great many of the gulches, and left much debris, which the 
high water has gradually brought down, a little at a time, until we 
have in connection with our flumes found it necessary to install a very 
elaborate system of sand-catching basins, and methods of taking care of 
the conditions existing. Some of the original water-wheels installed, due 
to the earlier imperfect design and construction, gave considerable trouble 
in the matter of cutting of the buckets and parts with which the water 
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came in contact. This to-day has been considerably overcome, so that 
our wheels give us very little trouble from grit that may be in the water. 
The nozzles still get some of the effects of the cutting, but this is a small 
matter and is easily taken care of. Speaking about the high heads we 
have, just a few days before I left California, we put in operation a 
5000-kw unit which, together with its water wheel, forms a very simple 
and compact design, simply a two-bearing unit, with water wheel over- 
hanging. This unit operates at a speed of 400 revolutions per minute. 
The head of water used is 1,600 feet and sufficient power is derived from 
this to drive the generator at considerable over load with a six-inch nozzle. 
This, as I say, was just put in operation a few days before I left, and 
we of course do not know precisely what the result is going to be; but 
from former experience with other units, slightly smaller, we feel that we 
shall not have a large amount of trouble. 

Mr. W. L. Watees: As modem power transmission usually means 
three-phase transmission, I think Mr. Kilburn Scott made statements which 
were to the point when he called attention to the fact that the original 
polyphase work was done on the other side of the Atlantic. The first 
polyphase transmission on a commercial scale was the Lauffen transmis- 
sion at the Frankfort Exposition in 1891, where, I think, 150 hp was trans- 
mitted 100 miles, at about 30,000 volts. The work done in the next few 
years was really single-phase work, and I think I am right in saying that 
both the Telluride and the Tivoli-Eome plants were single-phase. It was- 
really three or four years later that the Niagara Falls transmission was 
started up, making the first large important polyphase transmission in 
this country. Certainly Mr. C. E. L. Brown deserves the credit of the 
pioneer work in polyphase transmission, and of showing that it was capable 
of commercial success. 

Chairman Scott: I should have limited my comment "here to work in 
America; I had that in mind, and in not discussing foreign work I did 
not mean to belittle it. I will add that limitation in the paper. If there 
is no further discussion we will adjourn imtil tomorrow morning: 



THE HIGH-TENSION TEANSFORMEE IN LONG- 
DISTANCE POWBE TEANSMISSION. 



BY JOHN S. PECK. 



The developanent of the high-tension transformer has been one 
of the great factors in the growth of long-distance power trans- 
mission which has occurred during the past decade. At the begin- 
ning of this period there were practically no transformers in com- 
mercial service of a capacity as great as 100 kw, or of a voltage 
exceeding 10,000. Today there are in America approximately 
10,000 transformers of capacities ranging from 100 to 2,500 kw, 
wound for pressures of 10,000 to 60,000 volts. This development 
in high-voltage transformers is a direct result of a commercial 
demand for apparatus capable of transmitting larger and larger 
amounts of power over longer and longer distances. 

At the beginning of this period of long-distance power develop- 
ment there was no past experience in high-voltage work upon which 
to base the designs of new lines of apparatus. Little was known 
of the characteristics of insulating materials and few materials 
which had proven satisfactory even for low voltages were available. 
Of the nature of the strains produced by lightning discharges, by 
switching, or by other static disturbances, nothing was known. 
Thus, the designer was forced to start upon the development of an 
entirely new class of apparatus, with no guide for his direction 
save his own good judgment. Under such conditions it is not to 
be wondered that mistakes were made, or that some trouble has 
been encountered with high-voltage apparatus, but rather that the 
number of such mistakes were so few and that the amount of 
trouble has been so small. The development of the transformer 
may be said to have progressed without interruption from the small 
and crude units of ten years ago to the large and highly perfected 
ones of today. One of the remarkable features of this develop- 
ment is the fact that on account of the rapidly increasing demand 
for units of larger size and higher voltage, it was not possible to 
wait for results which, under a more gradual development, would 
have been obtained from the actual operation of transformers 
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already manufactured; and so rapidly were designs and manufac- 
turing methods changing that a transformer was often out of date 
before there was time for any inherent weakness to develop. 

The state bf the art of transformer manufacture has adranced 
to such a point that today the design of a 60,000-volt, 3,500 kw 
transformer is undertaken with a far greater assurance of success 
than was felt ten or twelve years ago in the design of a small 2,000- 
volt unit. An idea of this development may be obtained from the 
accompanying table, which is made up from the records of one of 
the largest electrical manufacturing companies. The transformers 
included in this list are all used for high-voltage transmission, and 
it is of interest to note that the 5,130 transformers represent an 
aggregate capacity of 1,059,838 kw— nearly 1,500,000 hp— the 
average size of unit being 310 kw. 



Electric & Manufacturing 
inclusive. 

No. of 
trans- 
Year, formers. 

1892 65 

1893 ' 19 

1894 68 

1895 78 

1896 150 

1897 165 

1898 387 

1899 662 

1900 492 

1901 997 

1902 985 

1903 971 



nsformers Made hy Westinghouse 


Company from 1892 


to 1903, 


Output 
kw. 


Maximum 
voltage. 


Maximum 

capacity 

kw. 


406 


10,000 


10 


272 


3,000 


19 


1,720 


10,000 


100 


4,215 


10,000 


200 


12,820 


15,000 


750 


21,091 


30,000 


850 


49,719 


30,000 


500 


119,492 


33,000 


1,875 


171,646 


50,000 


2,750 


201,475 


50,000 


1,000 


248,982 


50,000 


2,200 


228,000 


60,000 


2,500 



Total..: 5,039 1,059,838 , 

Transformers for long-distance transmission may be divided into 
two general classes: oil-insulated, and air-blast. 

The oil-insulated transformers may be again divided into two 
general classes : self-cooling, and artificially cooled. 

Practically all transformers are of the shell type of construc- 
tion. 

The working parts of the different classes of transformers are in 
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general similar, the principal difference being in the external case 
or housing. In all types the winding is made up of a number of 
thin flat coils, wound with a flat ribbon and with one turn per 
layer. These coils are assembled side by side and separated by 
insulating barriers and by spacing blocks, which permit a circula- 
tion of oil or air between them. The magnetic circuit is built up 
of laminations of specially selected and treated sheet steel. These 
laminations are securely held in place by end-frames surrounding 
the ends of the coils, and are held together by suitable bolts and 
braces. The case or housing is adapted for oil or air cooling as is 
required. 

It has been found that in high-potential transformers there is, 
under certain conditions, an accumulation of the full line potential 
upon a few turns, so that for successful operation it becomes neces- 
sary to insulate the turns one from another in the most thorough 
and careful manner. The method of winding coils with one turn 
per layer affords an excellent means of accomplishing this result, 
as each turn can be insulated from every other one to any desired 
extent. A coil of this type has also comparatively few turns, so 
that a number of these coils are required for making up the total 
winding ; thus the voltage on any one coil is reduced and the adja- 
cent coils may be insulated from each other with insulating bar- 
riers of any desired thickness. 

In order to keep down the reactance ■ of the transformers, the 
primary and secondary coils are interlaced and, in general, the 
larger the transformer the more frequently are the coils interlaced. 

In the construction of large transformers, the coils are very 
heavy, and in order that they may be thoroughly ventilated, it is 
necessary that their thickness be reduced to a minimum. Thus the 
problem of mechanically supporting them becomes a serious one, 
and in the design of such transformers the working out of the 
electrical design is a simple problem compared with that of design- 
ing proper methods for insulating and supporting the coils, so that 
they cannot become displaced or injured by electrical or mechanical 
forces. On certain large high-voltage transformers it is interest- 
ing to see the ingenious methods which have been worked out for 
mechanically supporting, for insulating and ventilating the wind- 
ings. 

The oil-insulated self-cooling transformer is wound for voltages 
as high as desired and for capacities as great as 500 kw. This 
transformer depends for its cooling upon radiation from the sur- 
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face of the case in wliich it is mounted. The only satisfactory 
case yet de^dsed for a self-cooling transformer of large size is one 
ir.ade of heavy sheet iron, corrugated in such a manner as to give 
a very largo exposed surface. The corrugated cases arc mounted 
either in an angle-iron framework or T^ith the sides set into a cast- 
iron base. A cast-iron top is usually provided and in this are 
placed suitable bushings for the primary and secondary leads. The 
self-cooling transformer has one great advantage over all other 
types, in that no extraneous devices are required for cooling, so 
that when once installed it will operate indefinitely with practically 
no attention. 

The capacity of the self-cooling transformer is limited to approx- 
imately 500 kw. For greater capacities than this, the cost and 
dimensions of the case become excessive. 

For many classes of service where no attention can be given to 
the apparatus, the self-eoolLug transformer is the only satisfactory 
type. This promises to be the case in single-phase railway work, 
where one or two transformers will be installed in oui^of-way sub- 
stations, or perhaps in certain cases on poles where inspection can 
be made at rare intervals only. 

The oil-insulated artificially cooled transformer may be wound 
for any voltage and for any desired capacity. Its construction 
differs from that of the oil-insulated self-cooled transformer prin- 
cipally in the form of case and in the cooling devices. A number 
of different methods have been proposed and tried for carrying off 
the heat, but one method is now almost always used. This consists 
in forcing or siphoning water through coils of brass or copper tub- 
ing placed inside the transformer case below the surface of the oil. 
This method of cooling is the most simple and direct of any of the 
artificial cooling systems. 

The case for containing the oil is usually made of boiler-plates 
riveted and caulked. A cast-iron case and cover are provided and 
the terminals of the water cooling coils and the leads from the 
primary and secondary windings are carried through this cover. 

Another system of cooling, used to a limited extent, consists in 
drawing the hot oil away from the transformer tanks, circulating 
it through a cooling coil which is immersed in running water, and 
then returning the cooled oil to the transformer case. The circula- 
tion is maintained by means of a small motor-driven pump. The 
advantage of this system over the first one mentioned is that in case 
of a leak in the cooling system the oil will escape into the water 
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instead of the water into the oil; but as there are very few cases 
on record where trouble has resulted from leaky water-coils, this 
advantage does not seem to be of great moment. To ofEset this 
single advantage, a pump, a motor, a cooling tank and a system of 
oil piping are required for the cooling system, and there is the 
possibility that should a deposit form in the oil it will gather on 
the inside of the tubes and prevent the circulation and cooling of 
the oil. 

The air-blast transformer, as its name implies, is one in which 
the cooling is accomplished by means of a forced draught of air. 
It may be wound for pressures not exceeding approximately 33,000 
volts, in units of any desired capacity. 

The transformer proper is mounted in a cast-iron housing, so 
arranged that air, which is admitted at the base, may pass through 
the cooling ducts between the coils and through those in the iron. 
Two separate air-passages are provided, one for cooling the coils 
and the other for cooling the iron. Dampers are arranged for con- 
trolling the air in either passage. The transformers are usually 
placed above an air-chamber in which a pressure usually less than 
one ounce per square inch, above the surrounding air, is main- 
tained. The air is supplied from large steel-plate fans, which are 
usually directly connected to induction motors. The power re- 
quired for cooling is small, being usually one-tenth to one-fourth 
of one per cent of the transformer capacity. 

On account of the difficulty of eliminating static discharges over 
the surfaces of the coils of the air-blast transformer, it has been 
found impractical to use this type of construction for pressures 
exceeding approximately 33,000 volts, and the greatest success has 
been obtained at voltages not exceeding 20,000. 

During the past year, a considerable amount of discussion has 
occurred regarding the relative fire risks of oil-insulated and air- 
blast transformers. The general results brought out seem to indi- 
cate that so far as actual damage to the transformer itself is con- 
cerned, either by internal or external heat, the risk is much greater 
with the air-blast transformer than with the oil-insulated type. 
This greater risk of the air-blast transformer results, not only 
from the more inflammable nature of its insulation, but also on 
account of the presence of the air blast, which tends to increase 
the rate of combustion, as well as by the open construction necessi- 
tated by the method of cooling. 

In the oil-insulated transformer, the oil cannot be ignited unless 
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it is first raised to a very high temperature. Oil also acts as an 
extinguisher of arcs wliicli occur below its surface, and^ if the trans- 
former is inclosed in a tight case, the oil, even if ignited, cannot 
continue to burn, on account of lack of fresh air. 

There is, however, a danger incident to the operation of the oil- 
insulated transformer which is due to the fact that oil-vapor, 
when mixed with the proper proportion of air, forms an explosive 
mixture, which, becoming ignited, may burst the containing case 
and permit the oil to escape. With large transformers it is now 
customary to use a practically air-tight case, sufficiently strong to 
withstand an internal pressure of approximately 100 pounds per 
square inch, which is probably in excess of any pressure that can 
actually be obtained. In large transformer installations, each 
transformer, or each group of transformers, is often placed in a 
vault or pit, which is properly drained and, in event of a case being 
damaged by external causes so that oil escapes, it will not spread 
about the station floor, but be carried away by the drain. 

With every precaution taken, the presence of large quantities of 
oil must constitute a certain fire risk, and for this reason it has 
become the general practice to specify air-blast transformers for 
use in sub-stations which are located in thickly populated portions 
of large cities. Such transformers are usually wound for 6,000 to 
15,000 volts, for which pressures the air blast transformer is well 
adapted. For very high voltages, it is of course necessary to use 
oil-insulated transformers, taking such precautions in their in- 
stallation, as to reduce to a minimum the danger to surrounding 
buildings or apparatus. 

A method for reducing the fire hazard of the oil-insulated trans- 
former which has been used to a limited extent, consists in placing 
the transformer in a tight case with a vent-pipe connected to the 
top of the dome-shaped cover. At the bottom of the case a con- 
nection is made with the water-mains, so that, in case of necessity, 
water can be admitted at the bottom of the case, driving out the 
oil through the top vent and leaving the case filled with water. 
The vent may be connected with a sewer, or with a suitable tank 
for receiving the oil. 

A mineral oil is used in transformers. It should have a fire-test 
of not less than 200 deg. C; its evaporation at normal running 
temperatures should be negligible; it should be free from acids, 
alkalis, water or sulphur compounds, and should show no deposit 
at the maximum operating temperature of the transformer. 
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In Europe, the three-phase transformer has been very extensively 
used. In America it has not come into general use. This is 
doubtless due to the fact that single-phase transformers present a 
much more flexible arrangement than one three-phase unit, while 
there is but a slight difference in cost in favor of the three-phase 
unit. 

For transmission voltages not exceeding 33,000 volts, it is cus- 
tomary to connect both high-tension and low-tension windings of 
transformers in delta, as with this arrangement two transformers 
will continue to deliver three-phase currents even though one trans- 
former be disabled. For higher voltages, transformers are fre- 
quently connected with low-tension windings in delta and high- 
tension windings in star. This permits the grounding of the neu- 
tral point of the system, limiting the voltage between any wire and 
ground to 58 per cent of the line voltage. The winding and insu- 
lating of the transformer is also somewhat facilitated, on account 
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of the lower voltage of the star-connection. The star-connection, 
on both high-tension and low-tension windings, is apt to prove an 
unstable arrangement, as, under certain conditions, it permits the 
full line voltage to be concentrated upon two of the transformers. 
In general this connection should not be used. 

The efScienc7 and regulation obtained on transformers is prob- 
ably sup'erior to that of any other apparatus in the transmission 
system. On large units, even though wound for low frequency and 
high voltage, efficiencies of 98.5 per cent may be obtained. Fig. 1 
shows an efficiency curve of a 2320 kw transformer, for a frequency 
of 30 cycles, 50,000 to 1100 volts. It should be noted that the 
efficiency is practically constant at 98.5 ppr cent from three-quar- 
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ters to one and one-half load. The remarkably close regulation of 
this transformer even with loads of low power-factor should be 
noted also. 

From the records of one of the large manufacturing companies, 
certain data has been obtained regarding the capacities, voltages, 
and output of high-voltage transformers during the past ten or 
twelve years. These results have been prepared in graphic form, 
and appear in Figs. 3, 3 and 4. These curves give a fair idea of 
the progress in the state of the art of high-voltage transformer 
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building. Fig. 2 shows the output of high-voltage transformers 
for different years. It seems almost incredible that in ten years' 
time the output per year should have increased from 300 or 400 kw 
to 250,000 kw. Upon this curve the effect of the installation of 
the Magara plant, as well as the introduction of the alternating- 
current motor and the converter, may be clearly seen. The effect 
of the recent financial depression is also shown in a decreased out- 
put for 1903 over that of 1902. 

Fig. 3 shows the maximum size of unit manufactured during 
the different years, also the average size of unit for the different 
years. In eight years time, the maximum unit increased from 
10 kw to 2750 kw — 275 times — while the increase in the average 
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Bize of unit has been from 10 kw to 250 kw — an increase of 25 
times. 

Fig. 4 shows the maximum voltage for which a commercial trans- 
former was wound during the different years, also the average volt- 
age during the different years. It will be noted that the increase 
has been from 10,000 to 60,000 volts, not nearly so great an in- 
crease as that in size, but one which represents far greater diffi- 
culties to the transformer manufacturer. The average pressure 
seems to be growing constant at approximately 15,000 volts. This 
is due doubtless to the fact that a very large number of the trans- 
formers sold are for use in large cities on 10,000-volt service for 
supplying converters for railway or lighting service. 

Discussion. 

Chairman Scott: The one thing which has given prominence to the 
alternating current and which has made possible the present types of 
power transmission and the use of high voltages is the transformer — a 
piece of apparatus most simple in itself. The component parts are most 
elementary in kind and for demonstration purposes very simple elements 
will suffice. But the transformer for use has undergone a very great 
development and many of the points to which Mr. Peck has referred are 
the points of engineering development of the transformer. In a, certain 
way the lines of development have not departed from the earliest types. 
The type of transformer used in the first 10,000-volt transmission in this 
country, is, in its essential particulars, the same as the transformer used 
to-day. The details, the form of iron plate, the shape of coils, and the 
number of coils has changed in the development of tile larger transformer. 
The oil insulation is the same. What we have done is to develop one 
type. It will be valuable in the discussion of this subject to have any 
comments upon the immediate points taken up in the paper and the 
particular usefulness of the various types. It would also be serviceable 
to have any suggestions on departures from this type. Are we in future 
to keep along the same line? Will the transformers of ten years hence 
be essentially those of to-day or will they be along radically different 
lines? The paper is open for discussion. 

Mr. Fbanois O. Blaokwell: I cannot agree with Mr. Peck regarding 
there being practically no fire risk with oil transformers. In large stations 
the transformer cases contain hundreds of barrels of oil. It is true that, 
in most cases of power-houses being destroyed by fire, the evidence indi- 
cates that the fire originated in combustible material in the neighborhood 
of the transformer and not in the transformer itself. The oil leakage 
from the transformer, which cannot be entirely prevented, is <t source of 
danger. If a fire starts near the transformer and heats it up sufficiently,- 
it will turn it into a gas producer and sufficient gas can be turned out 
to melt up all the iron work and machinery in any power-house. I think 



PECK: HIGH-TENSION TRANSFORMERS. 19 

that, when you install such a large body of oil in a building, you would 
at least take the same precautions against fire that you would had yon 
one or two barrels of illuminating or lubricating oil in a factory. The 
insurance rules would require you to place such oil in a separate fiie- 
proof room. In power-houses and sub-stations, which I have recently 
designed, e,ach transformer is enclosed in an airtight fireproof compart- 
ment. These compartments prevent the accumulation of combustible 
material in the neighborhood of the transformer, and, further, should a 
fire start, it will smother itself out as soon as the oxygen in the room 
is consumed. 

There is another matter in connection with Mr. Peck's paper to which 
I would like to call attention and that is — the relation of efficiency to 
cost. A transformer designed for, say, 98 per cent eflBciency, will cost 
nearly twice as much as one with 96 per cent efficiency. Expressed in 
another way — if you cut your losses in two you must use twice as much 
material in the construction of the transformer. It is an open question, 
therefore, as to how high in efficiency it is economical to go. The interei>t 
on the cost of the transformer might readily be more than the value of 
the power saved. 

Mr. E. KiLBURN Scott: We, in England, werenising oil at a very early 
date; but our experience was xmfortunate and its use was dropped alto- 
gether. We were surprised to hear some time afterward that oil was 
proving a success in America. Any oil which we now use for the purpose 
is obtained from the States, and if the author of the paper would say 
something about the way in which this oil is prepared, it would be ap- 
preciated. American makers treat it in some way that our manufacturers 
apparently do not know about; at any rate, we cannot get suitable oil in 
England. 

Eegarding the cooling by air, it has occurred to me that probably ail 
under considerable pressure might be used for the transformer which will 
have to be installed for working main-line railways by alternating cur- 
rents. I do not know whether you have noticed how when coalcutting 
machines are worked with compressed air, snow forms on the pipes and 
valves, owing to the sudden expansion of the air when it leaves the ex- 
haust. This is a common occurrence in machinery driven by compressed 
air. Now I think that probably the transformers on railways could be 
cooled by having compressing stations at various points, to effect the 
cooling by this sudden expansion of air. 

Coming to the question of the containing case, I notice many transformer 
cases are carefully ribbed outside, but are left smooth inside. This is 
probably done for ease in making the casting; but I think it would pay 
to incur a little more expense, and rib the inside of the cases as well. In 
fact, I think corrugated iron sheeting closed up (that is to say the pitch 
of the corrugations reduced from the usual three inches to say one inch) 
would be very effective, as it would give a large inside cooling surface, as 
well as a large outside cooling surface. We do not want great thick cast- 
ings. To make a casting, say, six feet high, the bottom will have to be 1% 
inches thick; because the moulder cannot very well get it thinner. The 
Bides will, therefore, vary from 1% inches to % inch, or so, at the top 
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and this is very thick metal through which to expect the heat to travel. 
I think the walls should be made of thin corrugated steel, as it would 
not only give ample cooling surface, but also great strength. 

Speaking of the air-blast for cooling, it may be of interest to mention 
that the first Thomson electric welding plant shown at the Glasgow 
Exhibition about 1888, was bought by Clarke, Chapman & Co., and em- 
ployed by them for welding connecting rods, etc., for ship's winches. 
Tliey tried to use it for larger work and had several burn outs. On their 
asking my advice, I suggested turning the blast from the Smith's hearths 
til rough the electrical apparatus and this was done. It was probably 
one of the first examples of air-blast cooling of electrical apparatus. 

Dr. Louis Bell: With respect to these large oil-cooled transformers, 
I think we all appreciate the danger to which Mr. Blackwell has alluded — 
that is, the fire danger; but perhaps we do not all appreciate at once the 
troubles which complete isolation of transformers invites. For example, 
you can undoubtedly box iip a transformer or any other piece of apparatus 
so that a fire originating in it or communicating to it cannot possibly find 
its way out of the space in which it is placed, but in doing that you 
necessarily sacrifice a good deal of simplicity. I think the tendency in 
modern practice, the practice of the next few years, is going to be greatly 
in the direction of simplification of stations, simplification of all the con- 
nections possible, and the abolition of a great deal of accessory equip- 
ment and apparatus which now forms a very formidable feature of the 
cost and maintenance of many large stations. To that end I think that 
the direction in which our energies should be spent is toward keeping 
fire away from transformers rather than making too elaborate provisions- 
for confi]iing it to them after it gets in. It is better to lock the door 
before the horse is stolen. And it seems to me that a proper oil trans- 
former runs very little risk, according to my experience, of getting on fire 
from the inside. As Mr. Blackwell veiy justly remarked, the danger is 
on the outside. And if you keep combustible materials away from' your 
transformers, just as you would keep it away from any other place, the 
whole plant is much simplified. The danger at stations, according to the 
observation of a gogd many of us, I, think, is in about the last place 
where one would at first suppose, that is to say, in the floor. You can 
design a fire-proof wall, you can design a fire-proof roof — fire-proof in 
any ordinary sense of the term, but to get an adequate fioor on a station 
is a, more serious problem. Concrete floors, you know, if well soaked 
from leakage of lubricants or anything of that kind, will furnish a very 
respectable furnace. I know one large factory in the East that was totally 
destroyed; the interior of it became a furnace on account of a, floor which 
was supposed to be fire-proof but was charged with oil. I think if you 
pay attention to the station and keep combustibles away as far as possible 
from the outside of the transformers and their connections, including 
cables, that the danger of fire will be very much reduced. As it is now, 
I have, time and again, been in stations with first-class dynamo equip- 
ment, with the best modern transformers, and with some foolish col- 
lection of accessories arranged so as to catch any flames that might come 
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therefrom. This is particularly true of the switchboard as found in many 
power-transmission stations. Time and again I have seen a switchboard 
which was simply a fire trap, with a great mass of insulated wires and 
other stuff which will burn at high temperatures, snugly tucked away 
behind it, in the interest of compactness, with the result that if anything 
went wrong on that board you would have a little furnace started, capable 
of heating things even to the point of ignition of oil in the vicinity. I 
think that in the safety of transformers and other apparatus, the floor 
at the station is a matter that is too often neglected. As regards air- 
blast transformers, they are not faultless as a fire risk. I have seen a 
transformer, which was supposed to have gone out, bum on all night, 
scattering around cinders liberally. It seems to me that our work should 
be largely in the line of the prevention of the communication of any fire 
to the station or the spreading of any fire which may originate from a 
short-circuit. If you do not crowd the place too much; if you do not 
attempt to build a station too compact — and most power-transmission 
stations are in places where compactness is not necessary — you can avoid 
a great many of these dangers. It is very pretty to go into a station and 
say "Here is our beautiful, compact switchboard; here are our accessories 
of various kinds ; you see there isn't an inch of waste' space." Well, waste 
space is sometimes the very best insurance that we can have, particularly 
in fire risks. 

Dr. P. A. C. Pekkine: I think we should not allow to pass, without 
correction, an apparent error in observation that Mr. Kilburn Scott has 
made on his American tour in regard to the self-cooled transformers, as 
we call them. There are four types in this country: We have the boiler- 
iron case, smooth inside and out; we have a corrugated sheet-iron case 
which is corrugated inside and out; we have a corrugated cast-iron case 
which is corrugated inside and out; and the fourth, which is the only one 
which corresponds to his description, is a boiler-iron case with external or 
iron radiating strips. So far as I know, there are not made in this country 
any cases of cast-iron with external radiating strips and smooth internal 
surface. A majority of the large self-cooled transformers made in this 
coimtry are made either with corrugated sheet-iron cases, corrugated inside 
and out, or corrugated east-iron cases, corrugated inside and out. So 
that the suggestion that he makes of radiating strips passing within the 
oil, as well as outside into the air, is actually our practice. 

Mr. J. S. Peck: At one time the Westinghouse Company made a case 
which was smooth inside. Pirst we had it ribbed inside and outside, then 
we found that the ribs inside did no good so we cut them off and left 
the ribs outside. Now I think the explanation of this was, that for heat 
to get from the oil into the cast iron is a comparatively simple matter. 
The whole trouble comes in getting the heat from the cast iron into the 
surrounding air, and I don't think — in fact I am very sure — that it 
would not do any good to put ribs inside. 

Dr. Peerine: Are any such transformers being manufactured now? 

Mr. Peck: As far as I know there are none. 

Mr. W. L. Waters : I think Mr. Blackwell called attention to an im-. 
portant fact when he pointed out that the cost of a transformer depends 



22 PECK: HIGH-TEXSWlf TRANSFORMERS. 

upon its efficiency. Apart from this question of efficiency, the rating of a 
transformer is simply a question of getting rid of the heat developed with- 
out damaging the insulation. And therein lies the advantage of a water- 
cooled transformer, as in this type you can carry away a considerably 
larger amount of heat by increasing your circulation of water. So that 
you can make a much cheaper transformer if you sacrifice efficiency, and 
increase the circulation of your water in this type of transformer. 

In regard to the point that Mr. Kilburn Scott brought up about the 
quality of oil, I think that the only way you can rely on that is to purify, 
or bring the oil up to standard, youi'self. We had considerable trouble 
lately with a large shipment of transformers which was held up on ac- 
count of the quality of the oil received from the Vacuum Oil Company. Ap- 
parently the oil may be all right when it leaves the refinery, but it may 
not be all right by the time it is put into the transformer. The only thing 
you can do, is to dry the oil and filter it yourself, and repeat the process 
until it stands a definite sparking test. 

Mr. E. KiLBXJKN Scott: Do you use resin oil? 

Mr. Waters: No; it is ordinary mineral oil, petroleum oil. 

Mr. E. KiusUKN Scott: The stuff we use is resin. 

Mr. Waters : I never heard of resin oil being used. I think Mr. Peck 
is perfectly correct in what he says about the ribs on the inside of a trans- 
former casing. If you take the temperature of the oil and the temperature 
of the case and the air you will see that the drop of temperature is almost 
entirely at the surface of the iron and air, and there is only a very small 
drop, may be 5 degrees, between the oil and the case, so that whether 
you have internal ribs or not doesn't really make much difference. And 
it is well recognized that when a body is cooling in contact with » fluid, 
the drop of heat potential across the surface, that is, the heat contact 
resistance, is much less in the case where this fluid is a liquid than in the 
case where it is a gas. It would only be a waste of space and material 
to put ribs on the inside, as well as on the outside, of a transformer casing. 

Prof. F. G. Baum: I would like to make a short statement to answer 
numerous questions that have come to us on our system regarding the fire 
at Colgate two years ago. and also to answer Mr. Blackwell in regard to 
a question of the relative fire risk of the two types of transformers. In 
Colgate we had the transformers in the power-house, setting under a 
gallery constructed mainly of wood, the main frame being of iron, the 
smaller working being of wood. The fire started owing to an imperfect, 
badly designed, oil-switch and not, as generally given out, due to any 
trouble in the transformer. The fire raged fiercely, so fiercely that it bent 
the iron in the roofs,- bent the eye-beams on the gallery, warped the iron 
out of shape, yet did not injure a single transformer except that in one 
transformer two of the laj'ers of the wraps had be to be removed aud re- 
taped. The oil in only one transformer caught fire; the oil burned down 
in it about half way and stopped. The fire raged through a length of 
150 feet. There were something like 25 transformers in the building, 
each of which had about four barrels of oil. And I think that experience 
demonstrates the extent of the fire risk of oil-type transformers. 

Mr. F. O. Blackwell: In regard to the insulating value of trans- 
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former oil as effected by moisture, we recently had an experience witli a 
number of large transformers wound for 60,000 volts. When these were 
set up at the works of the manufacturer they stood all tests successfully, 
but after they had been installed and put in actual service it was found 
that the high potential current arced through the oil to the low potential 
coil and to ground. Moisture in the oil could not be detected by chemical 
analysis, but by placing a small quantity in a bottle filled with chloride 
of lime it was found that the insulating resistance could be raised to its 
proper value. All of the oil was finally treated by forcing hot air throiigh 
it, until the whole body of the oil was raised above the flashing point 
which dried it out and brought it back to its original dielectric strength. 
An investigation as to why the oil had deteriorated so much developed 
the fact that the barrels in which it was shipped had not been thoroughly 
dried and cleaned before they were filled. 

Chairman Scott : If there is no further general discussion we will 
ask Mr. Peck to close the discussion, because time is becoming short. 

Mr. Peck: I agree in general with what Mr. Blackwell said about the 
risk of oil-insulated transformers. The risk comes not from internal 
damage to the transformer itself but damages which may be done to ex- 
ternal apparatus by the escape of the oil, and if it can be put into tight 
cases or tight vaults or, as is being done in some cases, put in tight cases 
and then put in vaults, not tight, but built up perhaps half the height 
of the transformer — pits, in other words, — and these are thorough 
drained, I think any of those precautions will go a long way to eliminate 
the fire risk. As to the oil, a mineral oil is used and it is bought under 
very strict specifications; it must be free from acids, alkalis, or sulphur 
compounds, and free from water. Great care must be taken to prevent 
oil from absorbing moisture or other impurities during the time of transit — 
from the time that it leaves the manufacturer until it is placed in the 
transformer cases. As to the thickness of castings, of course it is an ad- 
vantage as far as the dissipation of heat is concerned to have the castings 
or have the metal as thin as possible, although I do not think that the 
drop in heat potential through the metal is ordinarily of great importance. 
Those castings are usually made as thin as they can be made and cast. 
That is the determining factor. 

Mr. E. KiLBtTRN Scott: Do you think that the oil in transit could 
absorb moisture if it happened to get in a damp situation, after being 
thoroughly dried out? 

Mr. Peck: I think there is no doubt that it would. 



NOTES ON EXPERIMENTS WITH TEANSFORM- 
ERS FOR VERY HIGH POTENTIALS. 



BY PROF. HAEOLD B. SMITH, Worcester Polytechnic Institute. 



The attention of the writer was first directed toward the problem9 
involved in the production and application of high potentials of low 
frequency by certain of the exhibits at the Chicago Exposition of 
1893, and particularly by the discussion before the International 
Electrical Congress of 1893 on power transmission.^ 

As a result of this interest, during the college year 1893-94, in 
connection with the direction of the School of Electrical Engineer- 
ing at Purdue University, two senior students^ at the University 
designed and constructed, under the writer's supervision, a small 
transformer to give an effective secondary potential of 10,000 volts. 

This transformer was constructed with but slight knowledge of 
the difficulties involved and was a failure except for the many 
valuable lessons received from successive attempts to operate it 
under the proposed conditions.' The following year this trans- 
former was reconstructed by two senior students at the University* 
and was operated for some time before a final break-down occurred, 
but there could be no hope for the final success of such a trans- 
former. 

Following a suggestion by Tesla in a paper before the Institu- 
tion of Electrical Engineers," paraffin oil was heated, and by means 
of an air-pump drawn into a closed metal-lined box containing the 
core and windings. The oil apparently penetrated to all the sur- 
faces of the core and windings, and it is probable that, so far as this 
part of the work is concerned, good results were secured; but un- 

1. Proceedings of the International Electrical Congress, 1893, pp. 422- 
472. 

2. G. G. Phillips and S. Moore, Thesis, " The Design and Construction 
of a High Voltage Transformer." Purdue University, 1894. 

3. Primary, 1000 volts; secondary 10,000 volts; frequency 140. Primary 
had 248 turns. No. 14 B & S, ind secondary 2840 turns No. 22 B & S. 
Core made of No. 16 iron wire. 

4. Messrs. A. C. Bunker and C. C. Chappelle. 

5. Journal of the Institution of Electrical Engineers, Vol. 21, p. 79. 
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fortunately rubber insulation was used on the secondary winding 
and this was promptly softened by the oil. 

While this transformer was a failure in all respects, except that 
it led to success with later transformers, no responsibility for this 
failure should rest upon the four young men who assisted in its 
design and construction, as the writer was responsible for the im- 
portant features of the design and the failure should be assumed by 
him alone. 

On account of the pressure of many duties and the interruption 
of this work occasioned by the acceptance of the chair of Electrical 
Engineering at the Worcester Polytechnic Institute in 1896, this 
work was not continued until the college year 1897-98, when two 
graduate students* in electrical engineering at the Institute, under 
Ihe writer's direction, undertook the design and construction of a 
1 50,000-volt transformer, which was completed early in the spring 
of 1898. The experiences with the transformer of 1894, the suc- 
ceeding interval of four years for occasional study of the various 
causes of its failure, together with many valuable suggestions from 
Prof. J. 0. Phelon of the Worcester Polytechnic Institute and the 
remarkably able manner in which the two men who were engaged 
upon this work carried out the details of the design and construc- 
tion, account for the thorough success of this second transformer. 

A reference to this transformer, which had a ratio of voltages of 
1 to 1500, and an illustration showing its construction appear in 
the Transactions of the American Institute of Electrical Engi- 
neers^ in a note communicated by the writer to the discussion of 
the paper by Steinmetz on the " Dielectric Strength of Air.^ More 
detailed descriptions of this transformer appear elsewhere' so that 
no extended description need be given here. However, a statement 
of experience with this transformer for the past six years may have 
some interest and value. 

For several years the transformer was in fairly constant experi- 
mental servic-e in the laboratories of the Institute on work^° which 

6. EUery B. Paine and Harry E. Gough, Thesis, " High-Potential Dis- 
charges in Dielectrics." Worcester Polytechnic Institute, 1898. 

7. Tra/nsaotions American Institute of Electrical Engineers, Vol. 15, 
p. 328. 

8. md, p. 281. 

9. Journal of the Worcester Polytechnic Institute, Vol. 1, p. 356; Elec- 
trical World, "\^ol. 32, p. 63. 

10. S. S. Edmands and W. E. Foster, Thesis, "Distribution of Po- 
tentials Between High-Potential Conductors." C. E. Eveleth and E. F. 
Gould, Thesis, " Dielectric Strength of Oils." O. P. Tyler and S. T. Willis. 
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involved operation at potentials as high as 190^000 effective volts 
and for many days was operated for 10 hours per day at 175,000 
effective volts. Nearly a year ago, this transformer -was sold to be 
used for commercial testing by a company manufacturing in- 
sulators and information has been received recently of its con- 
tinued satisfactory daily service at -potentials ranging up to its rated 
capacity. 

This transformer was exhibited at the Saratoga (1903) Conven- 
tion of the American Street Kailway Association, and at this time 
several coils of the secondary winding were injured in shipment 
and had to be replaced; with this exception, practically no diffi- 
culty has ever been experienced in its operation. It was designed 
primarily for experimental work in the laboratories of the Wor- 
cester Polytechnic Institute and many details of construction would 
naturally be changed in a design intended for Commercial service, 
although the general features of the design have demonstrated their 
reliability for this class of work. 

In the fall of 1899, two seniors^^ in electrical engineering at the 
Institute undertook the development of a transformer for still 
higher potentials and in the spring of 1900 produced, under the 
direction of the writer, a transformer designed for a secondary 
potential of 330,000 volts at 60 cycles per second; but under test, 
this transformer failed to develop potentials higher than 210,000 
effective volts at the terminals of the secondary circuit. 

Failure to operate this transformer at higher potentials may be 
attributed, in part, to an absence of knowledge at the time of its 
design, of phenomena which occur at the higher potentials and 
which had not been observed in the operation of the 1898 trans- 
former below 175,000 volts. In part, the failure of this trans- 
former may also be attributed to defects introduced by frail con- 
struction and faulty design of the windings^ as the transformer was 
regarded as a purely experimental affair, and expensive construction 

Thesis, "High-Potential Tests of Solid Dielectrics." E. H. Ginn and 
''ff. J. Quinn, Thesis, " Surface Leakage on High-Potential Insulators." 
J. M. Bryant, Thesis, " The Commercial Production of Ozone." A. L. 
Cook, A. P. Davis and J. B. Wiard, Thesis, " Leakage Losses on High- 
Potential Transmission Lines." W. M. Adams and W. H. Sigourney, 
Thesis, " Surface Leakage on High-Potential Insulating Materials." H. W. 
Morehouse and E. L. Stone, Thesis, " The Distribution of Potentials Be- 
tween High-Potential Conductors." 

11. H. I. Cross and S. E. VVhalley, Thesis, "The Design, Construction 
and Test of a High-Potential Transformer." Worcester Polytechnic Insti- 
tute, 1900. 
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vas avoided whenever possible and in too great a measure for 
satisfactory results. However, as in the case of the 1894 trans- 
former, failure to accomplish the results anticipated led to a closer 
study of the phenomena involved in this class of work, and to suc- 
cess later in the production of a transformer for even higher 
potentials. 

During the college year 1900-01, four graduate students*^ in 
electrical engineering at the Institute undertook the design and con- 
struction of a 500,000-volt transformer at the suggestion and under 
the direction of the writer. This transformer was in operation 
early in May, 1901, and at that time developed a secondary 
potential, at 60 cycles per second, which was capable of disrupting 
a 48-in. (1.23 meter) air-gap between sharp needle points. 

As this is undoubtedly the first transformer and, so far as the 
writer is informed, the only transformer which, up to the present 
time, has, with a single transformation or even with several trans- 
formations by a number of transformers, secured low-frequency 
potentials in the neighborhood of one-half million effective or three- 
quarters of a million maximum volts, a brief description may be of 
value. 

The design of this transformer called for a ratio of transforma- 
tion of 1 to 2520, at 60 cycles, and a maximum core density of 8600 
gausses, when at a secondary potential of 500,000 elTective volts. 
The primary winding consisted of 46 turns of heavy stranded con- 
ductor — 23 turns on each core — in series for a primary potential 
of 200 volts, 60 cycles, giving a maximum magnetic flux of about 
1,600,000 maxwells at full rated voltage. The secondary winding 
was subdivided into 66 coils, each of which was further subdivided 
by cotton tape into four sections. There was a total of 115,920 
turns of number 32 B & S double cotton-covered wire in the 
secondary winding. Each coil was wound in a spool turned from 
thoroughly seasoned white pine of the very best quality and care- 
fully selected stock. The cross-section of the spool is shown in Fig. 
5, and the outside diameters of the spools ranged regularly from 
16 ins. up to 32 ins. 

The middle of the secondary winding was connected to the core 
and to the primary winding, and carefully earthed in most of the 
work which has been done with this transformer, although it has 

12. K. S. Beers, F. R. Davis, E. H. Ginn, W. J. Quinn, Thesis, "The 
Design, Construction and Test of a 500,000- Volt Transformer." Worcester 
Polyteclinic Institute, 1901. 
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been operated on a number of occasions without earthing the sec- 
ondary circuit. The primary circuit, supplied with current from a 
generator which may be regulated as desired, was always earthed 
for the protection of the operator. 

This transformer has been used for three years upon work of 
investigation connected with various thesis subjects^* upon which 
students at the Institute have been engaged, together with some 
work carried out personally by the writer upon the dielectric prop- 
erties of air and oils. During this time, it has been found neces- 
sary upon two or three occasions to cut out a few faulty coils of the 
secondary winding ; but when it is stated that this winding contains 
about 135 miles (about 200 km) of No. 32 B & S wire which was 
not wound in layers, although each coil may develop from 8000 to 
9000 volts, this is not surprising. Tests made with this transformer 
indicate that," with the substitution of a modification of the sec- 
ondary winding which has been introduced by the writer in trans- 
formers of more recent design, a potential of not less than 750,000 
volts effective, or over a million volts maximum, can be secured 
from this transformer. As soon as suitable opportunity presents 
itself, it is proposed to make this change. The transformer is 
located in a separate transformer-house on the campus of the Insti- 
tute, at some distance from other buildings on account of the fire 
risk occasioned by over a thousand gallons (3800 litres) of oil 
required for insulating the secondary winding. 

On May 27 of this year, an order was placed with the writer for 
a 200-kw, 300,000-volt .transformer which was shipped to its 
destination July 18, and has recently been placed in operation and 
accepted by the purchaser.^* As this transformer was designed 
along lines which will permit its operation at considerably more 
than its rated voltage and power output and probably constitutes 
the largest transformer yet built for very high potentials, the writer 
has been permitted to give the following brief description : 

Pig. 7 shows an assembled view of the transformer core and 
secondary winding ready to be immersed in the oil contained in the 
transformer tank. The connections to the primary and secondary 

13. R. S. Beers, F. R. Davis, E. H. Ginn, W. J. Quinn, Thesis, "In 
vestigation of the Dielectric Strength of Air and Oils." L. Day and 0. F. 
Harding, Thesis, " Investigation of the Leakage Loss Between High-Po- 
tential Transmission Conductors." A. L. Cook, A. P. Davis, G. E. Munroe, 
E. W. Kimball, J. A. Sandford, Thesis, " Investigation of the Leakage 
Loss Between High-Potential Conductors." 

14. The Locke Insulator Mfg. Co., Victor, N. Y. 
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circuits are so arranged as to permit full rated power output at 
secondary potentials of either 75,000, 150,000 or 300,000 volts, 60 
cycles. The maximum ratio of primary and secondary turns is 316, 
as the primary is designed to be supplied from a 1040-volt generator. 
The secondary contains about 33,000 turns of about 42 miles (about 
68 km) length of conductor. 

On Aug. 15, work was begun upon two transformers which are 
not yet finished, but of which some information can be given. 
Pig. 2 shows one coil of the secondary winding, which contains 280 
turns of double cotton-covered wire having a section of copper of 
.004 in. X .05 in. 

These transformers have been given a preliminary rating of 
200,000 volts, but have been designed along lines which should 




Fia. 5. 



permit of their operation at potentials considerably above this 
value. 

One of the transformers is provided with a removable yoke so as 
to permit of its experimental use as an induction coil of large 
output, when so desired, and both transformers have been provided 
with extra leads so as to permit of a variety of combinations for 
experimental work at the Institute on single, two and three-phase 
circuits of very high potential. One hundred coils, such as the one 
shown in Fig. 2, will constitute the secondary winding of each of 
these transformers, so that each secondary will have a length of 
about 25 miles (about 40 km) of wire. 




FJC. 7. SlIlE VIEW OF 2011 K\V. 300,000-VOLT TRAXSFORMEK, 1904. 



HIGH POTENTIAL, LONG DISTANCE TRANSMIS- 
SION AND CONTROL. 



BY P. G. BAUM. 



Intkoductoet. 

In 1900, at the General Meeting of the American Institute of 
Electrical Engineers, I presented a paper entitled " Some Con- 
stants for Transmission Lines," based on measurements made on 
several transmission lines — the longest that had been built up to 
that time. Since then I have followed very closely the progress 
of transmission work, and in this paper I will give the practice 
and results on what is, and has been since 1900, the greatest trans- 
mission system in existence. 

The system to which I refer is that of the California Gas & 
Electric Corporation, which has absorbed the Bay Counties Power 
Company, the Standard Electric Company of California, the 
Valley Counties Power Company, the Sacramento Electric, Gas 
& Eailway Company, the Yuba Electric Power Company and the 
Nevada County Electric Power Company. The accompanying 
map will give some idea of the system. 

The system has continuously in operation about 700 miles of 
line at 50,000 volts, 70 miles at 40,000 and a great many miles 
at 23,000, 16,000, 10,000'and 5,000 volts. The high-voltage lines 
extend from the Sierra Nevada Mountains of California to the 
Bay of San Francisco, and are thus exposed to all sorts and con- 
ditions of weather. In a short time some of these lines will be 
operating at 60,000 volts. The longest distance to which power 
is regularly transmitted is 200 miles, most of the power being 
transmitted 150 miles. The amount of power available on the 
system is 43,650 kw, and this will soon be increased by the ad- 
dition of two 500D-kw generators at Electra. Owing to the large 
day motor load the peak on the system is not above 25 per cent of 
the average load. 

In this paper I will give as briefly as possible some simple 
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methods of line calculation, and deal \iritli the means of controlling 
the power at the high voltages. 

Part I. Line Calculations. 
The theory of the transmission of electrical energy over com- 
mercial distances is quite simple, and at present better under- 
stood than formerly, but there is still more guess work than there 
should be. As all long transmission work is three-phase, this is 
the only system which need be considered. 

1. Circuits. — In making three-phase line calculations> it is 
generally simplest to consider one leg of the system, assuming it 
to have neutral return with no resistance or reactance. Generally, 
high voltage systems are operated with grounded neutral, but 
whether the neutral is grounded or not we may consider the quanti- 
ties between one line wire and a real or assumed neutral. The 
wires will be assumed as arranged on the corners of a triangle. 

2. Charging or Capacity Current. — ^In the paper referred to 
above, I showed that the line capacity of a three-phase line is 
star connected, the capacity of each wire to neutral being given 
by the equation — 

2l0g£ (^) 

in electrostatic units per centimetre of circuit, d (distance between 
wires) and r (radius of wire) being taken in the same units. We 
then have, at a voltage E between wires and frequency f 

Charging current per mile of wire= — ^= — - — 

2 
(The charging current of a three-phase line is— -= times, or 

y 3 

15. 5^ greater than the charging current of a single-phase line 
with the same voltage and distance between wires). 

In Curve II., Fig. 1, is given the charging current in amperes 
per mile per wire with 10,000 volts between wires, the frequency 
being 60 cycles. From this curve the charging current for any 
line at any voltage or frequency may be calculated in a very few 
moments. Add 2^ to the value obtained for a No. 2-0 wire, 4^ 
for No. 4-0, etc., and subtract 2fl for a No. 1 wire, 4^ for a No. 2, 
etc This rule practically holds for a half dozen sizes on either 
side of No. 0, for which the curve is calculated. This will include 
all sizes commonly used. 
3 
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For wire, 3/4" in diameter, spaced 12 feet, the charging cur- 
rent is 0.0331 amperes per mile with 10,000 volts between wires. 
This is 4^ less than for No. wire spaced 48". Curve I gives 
the inductance per mile per wire at 60 p.p.s. For single- 
phase or two-phase, multiply by 1.15. For single-phase or two- 
phase, multiply the values of curve II by 0.87. 

3. Reactance Pressure. — The self-induction in C.G.S. units per 
wire per centimetre may be calculated from the expression, 

1 



=^h.(^)' 



and the self-induction in henrys per mile per wire from the 
expression — 

L=henrys per mile = 0.000,322 [2.303 log [-)-f .35]. 

The percentage reactance pressure for a given current, I, at a given 
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Fig. 1. — Inductance and charging ctterent, No. wibe. 

frequency, /, may be calculated from the expression, X being the 
length of line in miles. 



XLlnfl^ 



E 



xioo. 



We see that in the formula for the reactance pressure we always 
have the ratio of the voltage between wires and length of line in 
miles. Assuming a given number of amperes flowing in the line, 
say 100, we may construct a curve between the percentage reactance 
pressure and the ratio of volts to length of line in miles = £'/X, 
This has been done in Fig. 2, from which the percentage reactance 
pressure for any given case may be quickly determined. Curves 
are given for 13", 34" and 48" between the wires. The results 
are given for a three-phase line with 100 amperes per wire, fre- 
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quency — 60 p.p.s., size of wire, No. 0, B. & S. These curves bring 
out in a striking way the effect of reactance in the line, and the 
difficulties of regulation in long lines. For any other current, 
multiply the percentage reactance pressure by 7/100 ; for any other 
frequency multiply by //60. For a single-phase, or two-phase 
system, multiply the percentage reactance pressure by 1.15. For 
No. 1 wire multiply the percentage reactance pressure by 1.03; 
for No. 2 wire, multiply by 1.04, etc. A great deal" of labor may 
be saved by becoming familiar with the use of Fig. 2, in which 
the abscissse are the ratio of E to Z. 
Example. — Voltage between wires — 50,000; distance between 

wires — 24"; length of line 100 miles. Then E/L= ^"'°"" 

^ 100 ' 

and from the curve. Fig. 2, we find the percentage reactance pres- 
sure for 100 amperes = 22". 1. The reactance pressure in volts per 
loop will be .221 X 50,000/ /3 = 6390 volts per wire. 
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Fig. 2. — Percentage reactance peesstjee. 

These curves furnish a method of quickly determining the per- 
centage reactance pressure. For each size larger than No. we 
siibtract 3^ from the values given. 

Uise in Pressure Due to Charging Current. — It was shown in 
the paper first referred to that for all practical purposes the 
capacity of the line may be considered concentrated at the center 
of the line. This being the case, the rise in pressure is due to 
charging current flowing over the line reactance from the generator 
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to the center of the line and, hence, may be calculated by the ex- 

pression: Kise m pressure = (charging current), and 

the percentage rise in pressure will be this value divided by the 
line pressure and multiplied by 100. As the charging current varies 
as the line pressure the percentage rise in pressure is, therefore, 
independent of the line pressure. 

4. Regulation of Transmission System. — Of prime importance 
is good regulation, it being impossible to give satisfactory service 
unless the ordinary fluctuations of voltage can be kept within 5^. 
This is not difficult with large induction motors, if the motors carry 
a fairly steady load. By large motors I mean from 500 to 1,000 
hp. Smaller motors may have varying loads and not cause any 
noticeable fluctuations with lines 150 miles long operating at 
50,000 to 60,000 volts. The most difficult load to handle is a 
large electric railway load having no storage battery. The only 
way to handle such a load successfully is to use automatically com- 
pounded synchronous motors. In this way street railway loads of 
any size may be handled by the same line supplying the lighting. 

Since the method of calculating the regulation of a transmission 
system, as ordinarily carried out, is exceedingly laborious, a 
method' is here given which is very simple. 

Taking the lost pressure over the system as a whole, we are al- 
wa3s concerned with three pressures in any case: (1) The receiver 
pressure, (2) the lost pressure over the line, (3) the pressure 
delivered to the line. The lost pressure is made up, in any prac- 
tical case, of the resistance pressure and the reactance pressure. 
When, as is generally the case, we have receiver loads of different 
power-factors, we get simpler results if we consider the total re- 
ceiver current divided into two parts, one the power component and 
the other the wattless component of the receiver current, and re- 
gard each as flowing separately over the line. 

If / is the total receiver current and the angle of lag of the 
receiver current behind the receiver pressure, the power component 
of the receiver current is I cos 0, and the wattless component is 
I sin^, (cos is the power-factor of the receiver circuit; for a 
non-inductive load cos^=l; and sin6>^0.). Let E = oa, 

1. "A Simple Diagram Showing the Regulation of a Transmission Sys- 
tem of Any Load and Any Power-Factor." By V. G. Baum. Electrical 
World and Engineer, Jlay 18, l&Ol. Also "An Alternating Current Calcu- 
lating Device/' by F. G. Baum. 
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Fig. 3 represent the receiver pressure. The pressure consumed by 
the line resistance and reactance due to the power component of 
the load current is I cosf^V R^+{La.r, in which R is the re- 
sistance and Lm' is the reactance of the line. In Fig. 3, 

al> = I cos 9 R 

be = I cos d 1.(1) 

ac = Ioos0 t/iii _^ (Z(«)«. 

AJ) is 8^ of the receiver pressure; that is, the 7^22 loss in line is 
8^ at full non-inductive load. 

In Fig. 3, ac represents, then, in magnitude and direction, the 
pressure consumed over the" line by the power component of the 
receiver current. If for a lagging current we make the angle 




oa = Receiver Pressure =100'Vo 

Fig. 3. — Showing method of detebmimng eegulatiow. 



cag = 6 {6 is the angle by which the receiver current lags behind 
the receiver pressure), and the angle ac^ = 90°, then 

cg=^I sin 6 V Ii^-\-{Lu,f, 
as can be proved by simple gedmetry. That is to say, eg 
represents in magnitude and direction the pressure consumed 
over the line by the wattless component of the receiver current. 
(If the receiver current leads the receiver pressure by the angle 0, 
the eg' is equal to the pressure consumed by the wattless com- 
ponent of the receiver current.) 

It should be particularly noticed that the pressure consumed by 
the wattless current is at right angles to that consumed by the 
energy current. Kotice also that ac is proportional to the power 
current, and eg to the wattless current. The true direction of the 
power current is along E, and the wattless current at right angles to 
E, — downward for lagging, upward for leading current. The line 
ag therefore represents in magnitude and direction the pressure 
consumed over the line by the total receiver current. Hence, og 
represents Eo, the pressure delivered to the line, in magnitude and 
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direction. Ac represents the pressure consumed by full-load non- 
inductiTe current. Then ac/2 will represent half-load on line, etc. 
FoT half-load, and the same angle as before, E is given by oi. 
Through c, with a as center, a circular arc has been drawn. At 
full-load current, and a power-factor corresponding to the angle 
&, the value of E is given by oh. 

With 9 as center, circular arcs have been drawn through a, 
2, 4, etc. The radial distance between two successive arcs is 2^ 
of the receiver pressure. We see, as shown by the point c, that the 
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Fig. 4. — Showikg eegulatiox of 15-mile traxsmission system. 

regulation of this system for full non-inductive load is 11^; that 
is, the generator pressure must be 11;^ higher than the receiver. 
At full kilowatt load, at a power-factor corresponding to the angle 
0, the regulation is 21^ as shown by the point g; at full kilovolt 
ampere load; that is. for the same current as before delivered at 
the same power factor, the regulation is 19^, as shown by the 
point h. 

In Fig. 4 is shown a case corresponding to a 15-mile transmission 
line, for a receiver pressure equal to 10,000 volts (the point o is 
not shown) ; ac, which represents full load, has been divided into 
ten equal parts, corresponding to 0.1, 0.2, etc., of full load. 
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Through points marked 0.1, 0.2, etc., lines have been drawn at 
nght angles to ac. Radial lines making angles corresponding to 
cos© = 0.95, cos = 0.9, etc., for lagging and leading currents, 
having been drawn from a. Circular arcs, with the point a as 
center, have also been drawn through points along ac marked 0.1, 
0.2, etc. The regulation for any load and any power factor may 
be determined from the figure. 

For example, to find the regulation at full load at 0.8 power- 
factor, go along ac to c'= 0.9, then along c'g' to the intersection 
with the line cos* =r0.8. The regulation is seen to be about 
21^^. For 0.9 full-load current and the same power factor, the 
regulation is 17^, as shown by the point h. It is seen that for any 
given case it is only necessary to determine the triangle ahc; the 
remainder of the figure is drawn mechanically. 
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Fio. 5. — Showing reqtjiation of 150-mile tkansmission system. 



Fig. 5 shows the regulation of a 150-mile, 60 p.p.s., three-phase 
line for any load and any power-factor, with 30,000 volts between 
neutral and line wire, giving 51,960 volts between wires. The 
power transmitted is 3000 kw per leg, or a total of 9000 kw. 
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The small triangle Eea shows the rise in pressure due to the charg- 
ing current. The regulation of the line for any load at any power 
factor is clearly shown. At no load, with 27,500 at generator, we 
get 30,000, or full voltage, at receiver, or a rise in pressure of 9^. 
The effect of a synchronous motor load of any character may be 
determined from the figure. 

5. Electrical Surges. — We cannot avoid an occasional short-cir- 
cuit on the high-voltage line. These shorts cause a heavy current 
to flow over the line, and the breaking of this current sets up 
surges which cause a rise in voltage that may be two to three 
times the normal operating voltage. The subject has been dis- 
cussed by Mr. C. P. Steinmetz, Dr. A. E. Kennelly and Mr. P. H. 
Thomas. A simple method is here given, the matter having been 
first presented at the annual meeting of the Pacific Coast Trans- 
mission Association in 1903. 

The subject is an interesting one to us, as we have all seen 
lightning arresters fused on account of the sudden opening of a 
circuit. I shall attempt to put the matter as briefly as possible, 
and in such a form that the rise in potential which we may get 
under the worst conditions may be easily and quickly determined. 
The most important case of opening a short circuit nnder load will 
be discussed. 

Opening a Line Under Load or Short Circuit. — Let us consider 
the case of a long line with a receiver load concentrated at the 
end. The line capacity will be assumed equivalent to a single 
capacity at the center of the line. We will consider one leg of a 
three-phase system. The self-induction of one wire from the gener- 
ator to the center of the line, that is, up to the assumed location 
of the capacity, is L, and the capacity of the entire line as a con- 
denser is, C {C being the capacity between one line wire and 
neutral). A current, I, flows over the line and is suddenly inter- 
rupted. As is well known, the energy stored up in the magnetic 
field (due to the current I), between the generator and the center 
01 line is LP/2. If the current is suddenly interrupted, this 
energy must flow into the line condenser, since there is no other 
outlet. (It should be noticed that when the receiver is opened, 
the line condenser is in series with one-half the line and the gen- 
erator.) 

If V is the resulting potential across the line condenser the 
energy stored up in the condenser is GY^/2. But this is the 
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Bame amount of energy whiph was previously stored in the magnetic 
field, neglecting the small loss due to the current flowing over the 
line resistance in flowing over the line into the condenser. There- 
fore, 

LP/2 = CV-/2 or 

I=V^^''c7L = VC-^ (1) 

The current produced in a condenser of capacity Q by an elec- 
tromotive force having a frequency / is equal to E C 2 w f. 

Comparing terms with (1) we see that — = ^2irf, in which 

/ is the frequency of the current in the condenser. Equation (1) 
may therefore be written 

I=YG2'rrf (2) 

in which / is the natural periodicity of the line. What really 
happens then when we interrupt the current I, is that the same 
current, having its natural outlet cut off, flows into the line 
condenser and charges the line. But the line condenser can- 
not remain charged, and, therefore, the condenser discharges 
again into the line self-induction, and the energy again is in 
the form of magnetic energy. The magnetic field, then, again 
breaks down, giving up its energy to the capacity and the 
whole cycle is gone over again and again, until the resistance of 
the line consumes the energy originally stored in the line self- 
induction. The frequency of the give-and-take of energy between 
the capacity and line self-induction is determined by the natural 
periodicity of the circuit /. The frequency of / in the equation (3) 
is therefore the frequency of the current I, after this current has 
been interrupted at the receiver. If the circuit is working normally 
at a frequency f, the current I changes from a frequency /' to a 
current of frequency f, that is, from the normal impressed period 
t(/ the natural period of the circuit. 

The natural periodicity of a circuit may be easily found from 
the equation 

Zirf = l/y/irG 
f =1/2 IT y/~LG (3) 

For a three-phase transmission line we may take the self-induction 
for one-half the line, for one wire, as .08 henries per hundred miles, 
or i = .08 D, D being the length of line in hundred miles. C 
may be taken as two microfarads per hundred miles, or C = 
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2 D/W farads. Substituting for C and L in equation (3), gives 
ua approximately 

f = 400/Z?. (4) 

This frequency will not differ much for different distances be- 
tween wireSj because an increase in the distance will increase L and 
decrease C, the product remaining nearly the same. The same is 
true for different sizes of wire. That is, a line 100 miles long 
has a natural periodicity of about 400; a 200-mile line a periodicity 
of 200, etc. If we are operating normally at 60 cycles, a 200-mile 
line has a natural periodicity of little more than three times the 
frequency of operation. 

From (2) we get the potential across the line condenser due to 
interrupting the current I equal to 

y = 7/(7 2,rf. (5) 

Substituting for C the value 2D/10'', and for / the value 400/Z?, 
we get the simple equation 

V = 200/ (approximately) . (6) 

That is, the rise in potential due to the surging current is, as a 
first approximation, independent of the length of the line and 
equal to 200 times the interrupted current in amperes. If I is 
equal to 100 amperes (141 amperes maximum), and the current 
is interrupted when it has its maximum value, then 
7 = 200 X 100 V'2 = 28,200 volts. 

Interrupting 200 amperes would give us double this rise. This 
electromotive force will be superimposed on the line electromotive 
force, so the maximum strain possible for any interrupted current is 

Maximum strain = ^ \/ 2 + 200 I \/ 2. 
E is the voltage between line wires and neutral, and I is the 
current in amperes interrupted. It has been frequently noticed 
that a line having been short-circuited, and the short circuit broken, 
the arc will frequently re-establish itself or a new short start at 
some other place between points across which the line voltage could 
not Jump. The superposition of the oscillating electromotive force 
due to the removal of the short circuit to the line electromotive 
force is no doubt the explanation. We have assumed that the cur- 
rent is instantly interrupted. An arc will always be formed which 
will reduce the rise in potential. 

On account of the inductive drop over the line, it is very probable 
that the current to be transmitted over one wire of a long distance 
transmission (150 to 200 miles) must be limited to about 100 
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amperes, unless the frequency is reduced below sixty. One hundred 
amperes, at sixty cycles, transmitted over a line 200 miles long 
gives us an inductive drop of about 50 per cent, with 50,000 
volts between wires. The generators will probably deliver four 
times full-load current as a maximum on short circuit. A short- 
circuit in the center of the line would, therefore, give us about 
twice full-load current, so that th.e maximum rise in potential due 
to the interruption of the short circuit would be about 56,000 
volts. If the line is operating at 30,000 volts (equals 30,000 
V 2 maximum) between neutral and line wire, the strain would be 
a little more than twice the normal. Under certain conditions 
a greater rise may take place. 

It seems, therefore, that there is a limit to the amount of power 
that can be transmitted over a line, which limit is fixed by the in- 
sulation factor against the surge voltage. If we reduce the fre- 
quency of the transmitted current to 25 or 30 cycles, so that we 
could transmit, say, in the neighborhood of 500 amperes over a 
single line without having excessive reactive drop, then we must 
insulate for the normal working pressure, say, 30,000 plus the 
surge voltage, which in this case would mean insulation to with- 
stand a voltage of 1SS,000 volts as shown below — 
Strain = 30,000 V 2 -f 200 X 500 V 3 
= 130,000 V 2 volts 
= 185,000 volts. 

In other words, we must make our insulators and transformers 
stand a repeated momentary pressure of about 200,000 volts. 

To transmit the same power at 60,000 volts, reducing the cur- 
rent transmitted to 250 amperes, would cause a smaller total strain 
due to the surge. The enormous strains introduced when we come 
tn transmit from 25,000 to 100,000 K.W. over a single line will 
require extraordinary insulation against rupture due to the line 
surges. 

In the above we have assumed a long trunk line with a receiver 
at the end. When the receiver current is interrupted the line cur- 
rent is forced into the condenser. On our long lines, however, we 
usually have loads distributed along the entire length, and if there 
is a load on at different points the line discharges a portion of its 
energy into the local distributing circuits, and the rise in potential 
is therefore limited. 

The amount of energy stored in one-half of a 100-mile line is 
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quite small, yet it may do considerable damage. For 200 amperes 
it is 

iZV2 = :0i»!^ 1600 Joules; 

that is, 1600 watts for one second. 

We see from the above that the most dangerous condition is 
brought about when we suddenly open a short circuit. Curve I. 
in Fig. 6 shows the calculated oscillating potential due to inter- 
rupting 150 amperes on a line about 130 miles long. Curve II. 
shows the generator potential (60 cycles) and Curve III. the re- 
sultant line potential. The line voltage is 25,000 between neutral 
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Fig 6. — surge voltage ox tbansmission line. 

and live wire. The current is interrupted so as to produce a maxi- 
mum rise of potential. 

The resultant potential, we see, is very different from the im- 
pressed generator pressure. If we continue to lengthen our lines 
until the natural periodicity of the circuit becomes nearly equal 
to the impressed periodicity, it is very probable that we will have 
some new problems to solve. It may be that this will prove the 
determining factor which will limit the distance of transmission. 



Part II. High Potential Conteol. 

1. Insulators. — We have on our lines practically every type of 
insulator manufactured. We have glass insulators, porcelain in- 
sulators and combinations of porcelain and glass having from one 
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to four parts. In the mountains and away from the fog, a 7-inch 
glass does very well on 40,000 volts, but to go from 40,009 to 
60,000 requires that the insulator be increased more than the 
proportionate increase in voltage. The insulator shown in Fig. 




Via. 7. 40,000-VOI,T, 11-INCH PORCELAIN INSTJIATOB. 

7 is used up to 50,000 volts, but at this voltage it gives trouble in 
the fog districts and during wet weather. Insulators of the types 
shown in Figs. 8 and 9 give very good results and are probably 




Fig. 8.— 60,000-volt, 14-inch porcelain insut.atob. 

as good as can be obtained at present. Fig. 9 has been designed 
fey the engineers of the California Gas & Electric Corporation. 

As the time will probably come when 100,000 volts will be as 
common as 10,000 is today, we have not yet reached the limit of 
development in line insulation. 
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In testing the insulators, each part is subjected to more than 
the normal voltage from line to ground. The top is generally 
tested to 55,000 volts, the center to 45,000 and the middle petti- 
coats to 40,000 volts. The test is made with salt water as electrodes. 

2. Pins. — We are using iron pins on all our new work, and be- 
lieve the idea of depending on the pin for insulation is wrong. 
Place the strain where it belongs — on the insulator. We are 
making our pins of pipe drawn down at one end. The pins are 
galvanized and a lead thread then cast to fit the insulator. 




Fig. 9. — 60,000-volt, 14-inch pokcelain insttlatob. 



3. General Line Construction. — We are constructing our 60,000 
volt lines with a 6 ft. spread, the wires being on the corners of a 
triangle. On our late work we are using tall poles and spreading 
about double the distance ordinarily used. In the mountains where 
we can take advantage of the hills and ravines, we use long spans, 
having somp aluminum spans of 1000 to 1800 ft. in length. 

A tower construction using a span of about 500 ft. would make 
an ideal line, and a line not much more expensive and much easier 
to care for than the ordinary pole line. 

Our method of entering buildings is through a piece of plate 
glass about 24 inches square having a hole about 3 inches in 
diameter through which the wire passes. The glass is held by a 
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simple wood frame. This construction is more satisfactory than 
the old method of passing through terra-cotta pipes. 

4. Line Operation. — The lines are operated by keeping men 
at important points who patrol the lines from one to three times 
a week, depending on the condition of the line, these men being 
ready at all times to go out in case of emergency. 

Our line troubles have been due to a few weak insulators; in 
some localities we have a good many insulators shot off. Some of 
our unexpected causes of trouble have been cranes or geese flying 
into the line ; cats climbing up on the poles ; green hay carried by 
wind dropped on the line ; an engine starting up under the lines ; 
a long tailed rat crossing temporary bus-bars. 

5. Transformers. — Our transformers have given us very little 
trouble and are really the most satisfactory part of the system. 
High primary insulation and care in the handling of the oil to 
keep it free from dirt and moisture are of prime importance. The 
windings should be dried out before adding the oil. 

That the presence of the oil does not increase the fire risk was 
amply demonstrated by a fire at the Colgate station in March, 1903. 
The transformers were in the hottest part of the fire and were dam- 
aged but little, the oil acting as a protection to the winding. The 
transformers were not responsible for the fire, as was reported at 
the time. 

On test, the primary of each transformer should stand a test 
about equal to double the star voltage for which the transformer 
is designed. That is, a transformer which is to be connected 
30,000 star, giving 51,960 volts line -pressure, should stand an 
insulation test of about 100,000. Some manufacturers put on a 
test voltage from two to three times the transformer voltage. Less 
than two and one-half is not a good test. 

6. Switches. — We find it convenient to use two types of switches 
to handle the electrical energy, the oil type and the air type. That 
the oil type switch is the only one that will stand heavy duty has 
been amply demonstrated. As it has not been possible to purchase 
satisfactory switches in the market, I have designed a line of 
switches for our high potential work. 

We are now using the switches shown in Fig. 10 at our power 
houses, designed to handle from 10,000 to 40,000 kw at 50,000 or 
60,000 volts. Each pole is in a separate tank and mounted in a 
fire-proof compartment as shown in Pig. 11. The three poles are 
operated together. The switch as shown gives four breaks per leg. 
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On less important work we use the two-break switch shown in 
Fig. 12. This is a very simple and inexpensive design, but answers 
all purposes as well as more elaborate switches. Switches having 
the same operating principle, but mounted differently, designed 
by Mr. E. H. Sterling, have been in service on the system for 




^ £nd£lentlDn 

Fig. 11. — 60,000-voi,T, fotjr-break, oil switch in place. 

several years and have given very good results. This switch will 
open 10,000 K.W. at 60,000 volts on short circuit. 

Disconnecting switches are used on each side of the oil switches, 
as shown in Fig. 11, that the switch m-ay be examined and re- 
paired with line and bus-bars in service. 
4 
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For connecting transformers to bus-bars we use three pole dis- 
connecting switches, as shown in Fig. 13. This is a simple design 
and works perfectly. Fig. 14 gives a large view of the switch. As 
shown by Figs. 11 and 13, each bus-bar is run in a separate duct. 

For an outdoor switch for substations and branch lines where 
the load does not exceed about 1,000 K.W., we use the switch shown 
in Fig. 15. The switch is mounted so that the three poles open 
simultaneously from a distant point. 

Electrically all switches on the "system are liable to have the 




Fig. 12. — 60,000-voi.t, two-break, oil switch. 



same duty to perform in case of a short-circuit beyond the switch, 
and some make it a practice to have all switches the same, de- 
pending on the power behind them. While this is correct elec- 
trically, the liability of trouble is slight and it is better to assume 
that you will occasionally bum up an inexpensive switch by trying 
to open on a short than it is to burn up all your money in the 
banning by installating every switch of a high capacity, and at 
great expense. 

7. Lightning Arresters. — For lightning protection we have de- 
cided to pin our faith to the horn arresters, these made with single 
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Fig. 13. — &0,000-voLT disconnectikg switch. 




Fig. 14. — CO.OOO-voLT disconnecting switch. 
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Via. 15. — 60,000-voi.T outdoob line switch. 
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Fig. 16. — siiowiiVG general arrangement of ^ower-hoitsk. 
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or double air gap. This simple device with good transformer and 
line insulation has given good results. Lightning is very often 
blamed for troubles that are primarily due to insufficient insulation 
and ignorance. 

8. General Arrangement of Power Eouse. — Fig. IG shows my 
idea of the general arrangements of a power house in the moun- 
tains. Our high-head power stations are usually in deep canyons 
and the logical method of construction, it seems to me, is to take 
advantage of the natural slope as shown. We go from the generator 
through the 2300-volt switch located under the floor, then to the 
transformers, which are located on a lower level than the power 
house, with the floor left open so the operator can see the trans- 
formers and note the temperature on the dial. The floor level of 
the transformer room may be below the high water line. From the 
transformers we come up to the disconnecting switches, then 
through the oil switches to a second disconnecting switch to line. 
Locating the transformers in this way puts them in view of the 
operator, the practice of constructing a separate transformer room 
at a distance being wrong, in my opinion. 

For fire walls we have the tail races between banks. I have yet 
to see a transformer in trouble that could not be pulled off before 
anything more than an injury to the coils had resulted. The 
switches being located in fire-proof rooms makes it impossible for 
fire to spread in any way. The arrangement given, it is believed, 
has a great many advantages, being compact, safe, easily operated 
and economical. 

Our general practice is to generate at 2300 volts and step up to 
the line voltage, the primary of transformers being connected star 
with grounded neutral. I have come to believe the grounding of 
the neutral to have more advantages than disadvantages. We 
take advantage of the grounded neutral and very often install a 
single transformer in a substation, one side going to line, the other 
to ground; where the load is larger but does not warrant three 
transformers, we put in two, using two legs of the primary and 
open delta on the secondary. We are not bothered by any un- 
balancing of load at the power houses. 

At the power houses we use no fuses or circuit breakers, pre- 
ferring to hang on to a short rather than take chances of pulling 
the line off for every slight interruption. At substations the 
transformers are generally fused. 
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The size of our units has gradually increased from 300 kw, 

.installed in 1897, to our present 5000 kw units. The 5000 kw 

tmit is of the two bearing tj-pe with overhanging water wheel. 

With this type we can put 20,000 kw in a building 100 ft. 

long X 50- ft. 

9. Line Voltage. — Eegarding the proper voltage to be used for 
transmission, this will depend on conditions, mainly on the length 
of line. From 50 miles up it will be generally economical to use 
as high a line voltage as is practicable. At the present time G0,000 
volts can be safely handled and 80,000 volts is not out of reach 
in certain localities hy those experienced; and judging the future 
by the past we may expect to reach 100,000 operating voltage in 
a few years. 

Our greatest trouble is occasioned by the fog. This in districts 
near the ocean or bay settles on the insulators and reduces the 
insulation to such an extent that the pins, cross-arms or poles — if 
of wood — are set on fire. In the mountain districts with modern 
insulators our line troubles are practically nil. Those without 
experience in the fog districts cannot realize the difficulties of 
insulating against a heavy fog. 

The weak point of the transmission system is in the insulators. 
With an insulator to stand 100,000 volts, tliis pressure is possible. 

To sum up, my experience shows that it is easier to operate 
a line, say from 30 miles up, at 50,000 or 60,000 volts than at 
35,000 or 30,000 volts, assuming that a considerable amount of 
power is transmitted. 

Discussion. 

Mr. Wm. Moran: I would like to ask Mr. Baiim a few questions in 
reference to the air gap offered between his circuit and the lightning arrester 
grounds. I wish to know the number of gaps. 

Prof. Baum : Well, that altogether depends, I think, on the voltage. We 
are now using an air gap from a line to ground of, I think, 4 inct-.es or 
4'^; but it doesn't make much difference which it is. The line voltage is 
50,000. 

Mr. Moean: So the sixteenth-of-an-inch per thousand stands good in 
your voltage, practically? 

Prof. Baum: Practically. 

Mr. Moran: Then again, what is your voltage in the metropolitan 
cities, if you pass through any? 

Prof. Baum: We are passing right through the city of Oakland with 
50,000 volts. 

Mr. MoEAN: Any trouble with telephone people? 
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Prof. Baum : Not with the telephone people — the politicians sometimes 
bother us. 

Mr. MoEAN: I am handling 30,000 volts and am limited on account 
of telephone people. A question arises, in connection with this high voltage, 
as to whether you are not confined by localities rather than to voltage. I 
am on railroad work at 30,000 volts and we were held down to 30,000 
by injunctions. 

Mr. N. J. Neall: I would like to ask Mr. Baum what the difficulties 
are with the arresters when they operate. Suppose you have two arresters 
to operate simultaneously; what is the effect upon the regulation and how 
long does it take to extinguish the arc? 

Prof. Baum: I don't know. We hear every once in a while that some 
arrester has operated with a very vicious are. Generally the power-house 
man does not Icnow anything about it. We have never been shut down 
on account of anything of that kind. There is the ordinary drop of voltage, 
of course. The induction motors are affected. The synchronous motort 
are thrown out of step but they get in soon afterward. 

Mr. Neall : Then I assume from your answer that no two arresters 
are operated at the same time, and that you have not had the effect of 
u short-circuit over your lightning arresters? 

Prof. Baum: Oh, yes. 

Mr. Neall : You say you have nothing more than a drop of voltage at 
your generator? 

Prof. Baum: A drop in the voltage may have occurred. When it has 
occurred we had to pull off but we don't know why we pulled off. That 
broke the arc, if nothing else broke it; but we cannot prove thats 

Ml-. Neall: Would you not, generally speaking, consider it an objec- 
tionable feature in lightning-arrester operation, that you have to pull off 
when your arresters operate? 

Prof. Baum: I am not sure that we have had to pull off. Until 
I am you cannot sell me any high-priced lightning-arresters. 

Dr. F. A. C. Perbine: In reference to this discussion, during the switch- 
ing experiments that Mr. Baum just described, where they interrupted 
12,000 kw with a two-break switch, the line short-circuited across two 
4%-inch gaps, across horn arresters, but it burned up the arresters, the 
pole head and the No. O ground wire. 

Prof. Baum: That was after about the tenth time. 

Dr. Peebine: Yes, it was after about the tenth short broken by 
the switch wlTen these arresters arced across. 

Mr. Neall : May I ask whether you had resistance in those arresters 
at that time ? 

Dr. Pekeine: None. It was a dead short-circuit at the power- 
house. We were operating four 2000-kw machines, and the voltage held 
constant. The ammeters, at the time the switch was opened indicated 
a current equivalent to 12,000 kw or something beyond. Immediately after 
we had interrupted the circuit, the lightning arresters at the power-house 
short-circuited. 

Mr. Neall: There was no resistance in that connection between the two 
arresters ? 
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Dr. Perrine: No resistance at all. It was a dead short-circuit be- 
tween the two lines. 

Mk. Moban: May I ask if you have tried the multiple-gap arrester 
and with what results ? That is, a number of small gaps instead of one 
large gap. 

Prof. Baum: I don't want to say anything against any lightning- 
arresters, but we have used every lightning-arrester that is made, I think, 
with the exception of one. We have used every type of multiple-gap; 
the result is that we put them out of business, can't make them stay on 
the line ; we burned them up. 

Mb. Moean: Is that on accoimt of static effect, running down half way 
on the arrester? 

Prof. Baum: No, it is current burning it up; short-circuit. 

Mb. Moran : Have you any static interrupters on the line, dischargers t 

Prof. Baum: None whatever. 

Mr. Neall: I would like to ask one more question in regard to these 
arresters. Last year when I was out visiting this line I found the horn- 
arresters had resistances in series with them. What time were they in- 
stalled and what was the object ? 

Prof. Baum: There are some that have resistances in series and 
some that have not. I think there are two with resistances in series and 
the remainder have not. We do not notice any difference in the operation 
of the arresters, whether they have resistances in series or not, although 
I prefer the resistances in series. That is, a resistance between the ar- 
rester and the ground. 

Dr. Pereine: But that is not resistance between lines. 

Prof. Baum: No. 

Dr. Louis Bell: I would like to ask Mr. Baum where these lightning 
arresters were located on his line ; how many of them were used ? 

Prof. Baum: At various points (indicating on blackboard). 

Dr. Bell: Then they are put in at discretion, at points which may 
seem possible danger points, and nowhere else? 

Prof. Baum: No. 

Dr. Perrine: If I understand you correctly they are only put in at 
terminals. 

Prof. Baum : They are put in at the power-house also. 

Dr. Perrine: They are not put in at intermediate points, are they? 

Prof. Baum: No. 

Mr. Neall: What is your idea of the best resistance for an arrester of 
that kind ? 

Prof. Baum: I havn't any particular idea. 

Mr. Neall : What type of resistance are you using? 

Prof. Baum : We have a number of carbons connected in series — 
high-resistance carbons ; some of these are immersed in oil. 

Dr. Bell: How high resistance do you use in those arresters be- 
tween line and ground? 

Prof. Baum : Well, I couldn't tell you exactly as I did not put 
in that particular resistance. Mr. Bunker is here and he could tell you. 

Mb. Neall: Have you made any investigations to determine the result 
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on the line when one of. these arresters discharges? It seems to me, look- 
ing at it broadly, if you have got to wait until your voltage rises sufTi- 
eiently to leap four inches and a half, that there may be other points 
of your line to give way before that is reached, and the very presence of 
the horn-type arrester necessitates a very abrupt disturbance on the line 
to make it operate. 

Mr. E. F. Ogle: I would like to ask a question in reference to the in- 
sulators in Fig. 7 and Fig. 8 of the paper. With the type of insulator 
shown in Fig. 7, have you any trouble with the snow freezing in between 
the petticoats, or don't you have any snow ? 

Prof. Baum: We have practically no snow on our lines. 

Mr. Ogle: Do you have any trouble with the cement that holds them 
together freezing? 

Prof. Baum: No. 

Mr. M. H. Gerry: Let me ask Mr. Bai'm a question before we get away 
from this lightning arrester. Do I uiderstand Mr. Baum that he had 
a 10,000-kw — or perhaps 25,000-kw — capacity short-circuit on that 4^^- 
inch gap, and that the arc broke of the arrester without the necessity of 
pulling off, or anything happening? 

Prof. Baum: The lighning arres'er was oxitside. 

Mr. Gerey: How far from the generating point? 

Prof. Baum: Ninety-eight miles The short-circuit produced a surge 
in the line, breaking down the 4Vi-inch air-gap. This shows a rise 
of voltage to something like 100,000 volts. That is, the two 4%-inch air- 
gaps to ground would mean somev here around 90,000 or 100,000 volts. 
A number of times on this lightning arrester the arc would break with 
8000 kw on the line. The lp.st time it simply burned up. 

Mr. Gekky: How much capacity Vfas on the line? 

Prof. Baum: 8000 kw of machinery. 

Mr. Gerry: I think there would be somewhat more capacity on short- 
circuiting across the lightning arrester, perhaps 15,000 kw. 

Prof. Baum: Certainly. 

Dr. Perrine: We read 12,000, 15,000 kw. 

Prof. Baum: The ammeter needle went off the scale, and the arc 
just simply raised up and broke. 

Mr. Gerry: And there was no serious drop of potential — 50 per cent, 
75 per cent — across that gap ? 

Prof. Baum: Well, it is a pretty difficult thing to read a volt meter 
on a station line in a condition of that kind, I think you will realize. 

Mr. Gerry: Well, if it went to anything like, say, 25 per cent voltage, 
it seems to me the induction motors might drop off. 

Prof. Baum : This line was simply on test at that time. 

Mr. Gerry: There was nothing on it. 

Prof. Baum: No. 

Mb. Gerry: Then it practically amounts to a short-circuit when one 
of those arresters goes off? 

Prof. Baum: Yes. 

Mr. Gerby: Then, every time the horn-arrester goes off you have a 
short ? 
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Prof. Baum: a temporary short. 

Mb. Gerry: Then every time the horn arrester goes off you lose your 
load or part of it? 

Prof. Batjm: A part of it. 

Mr. Gerry: Then the horn arrester is simply a device that produces 
a sliort-eircuit on the line at every time the current follows into the 
arrester? 

Prof. Baum : Yes. 

Mr. Gerry: And you lose your load? 

Prof. Baum: Some of the load. You must remember that we do not 
have these arresters going off every day. For one year now I cannot recall 
the lighning arresters going off once. The last time they went off was 
when v,e made this test and I can't remember them going off since. 

Mr. Gerry: Why don't they go off? Isn't there any lightning or 
doesn't it go through the arresters? 

Prof. Baum : There isn't lightning enough to bring it up to the 4J4-inch 
gap. 

Mr. Gerry: Well, isn't that what breaks the line then? If the gap 
was larger wouldn't you have still less trouble, and if you took the 
•arrester off all together, still less? 

Dr. Bell: In case a short-circuit or fault somewhere back on the line 
produces a short across the arresters, does that short uniformly hold 
for any considerable lengtli of time? In other words, does it hold until it 
practically takes the arrester with it, or does it break; and if it does 
break how long does it take in doing it? 

Prof. Baum: Well, you can realize that in a system like this 
which covers five or six or seven counties, that I or one of my men cannot 
be at the arrester watching. 

Dr. Bell: I understand. But has not the action of the arrester ever 
been observed, to see when it breaks successfully. How long does it hold 
before breaking? 

Prof. Baubi : In case of this arrester it broke a number of times 
up to a y.ear ago. Then we moved the lines farther apart. The man 
would report once in a while that the arresters went off. Nobody else 
reported any trouble whatever. At one point a man, a year and a half 
ago or two years ago, reported that the lightning arresters went off. 

Mr. Gerry: Well, did they short-circuit? 

Prof. Baum: There was a big flaming arc. We moved the arresters 
a little farther apart. Since then we have had no discharge at this place, 
and no trouble at all. 

Dr. Bell: In other words, do I understand that the arresters, at 
least now and then, go off and operate successfully, without causing dis- 
turbance enough at the power station to say whether that break was 
instantaneous or whether it lasted two or three seconds? 

Prof. Baum: We don't know. 

Dr. Perrine: I think in catechizing Mr. Baum on the question of his 
horn-arresters, we are getting away from the point of this paper, which 
is practically stated by Mr. Baum when he says that on such a system of 
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transmission as this, he would use the highest possible voltage. Ha 
is having less troublesome experience at 55,000 — which is about the 
voltage I understand he is running now — than he had at lower voltage, 
snd he ascribes this largely to the relatively smaller value of the voltage 
when a surging current is interrupted. In consequence, he believes that 
it is advisable to keep down the current on the line, keeping up the 
voltage, for the reason that it makes these minor devices, such as 
lightning arresters, relatively unimportant. It is not the important point 
to catechize Mr. Baum on whether he has set his arresters at 3% inches, 
or used mutiple gaps, or what. The point that he has made in his 
paper is, that by going to this high voltage and keeping his current down, 
he has made the minor difficulties, which have troubled us all so much, 
relatively unimportant. That, I think, is due not only to his high 
voltage on long lines; but also to the presence of multiple stations which 
feed into the line from all directions and which feed a very large amount 
of power, so that while in our discussion we may say that a short- 
circuit reduces the voltage on the line beycnd it to nothing, we say that 
not knowing what actually happens. We may have a short circuit across 
an arrester or between lines, across a piece of bale-wire thrown on the 
line, which may, as Mr. Baum has stated, result in a relatively small 
current; so that beyond that point, if we have generating capacity 
enough behind us, we will still get voltage, and although we may have 
these minor interruptions, they will not interfere with the service. The 
paper of Mr. Baum is notable to me particularly in the fact that he 
does riot discuss as difficulties many of the problems that we have been 
discussing in our transmission papers during the past year. For example, 
when the first of these lines began operation the question of the capacity 
effect became very important. Until Mr. Baum introduced the exciter 
device which he has already described to us, one long-distance trans- 
mission system could not operate a lighting load on account of. troubles 
with capacity, and, in consequence of capacity troubles, we have often dis- 
cussed the use of motor-compensators. You will notice that in Mr. 
Baum's paper there is not any mention of any necessity for these artificial 
regulating conveniences, except when the question arises of operating 
large street-railway plants with their variable load. So that on account 
of high voltage, keeping down current, and the great number of stations 
feeding the line from different directions and different points, a very 
satisfactory solution of the switching problems has been reached; as well 
as an apparently satisfactory approaching solution of the insulator 
problems. In this great system, operating a total of about 700 miles of 
high-potential lines, and operating two stations in parallel, 325 miles 
apart, he gets rid of the troubles which some stations have when carry- 
ing relatively small amounts of concentrated load of one kind, operating 
single lines. The success of this system is the success of a. system which 
is operated as a whole, and it is not only the lightning-arrester difficulty 
which largely disappears, but it is also the capacity difficulty and the 
inductance difficulty and many other difficulties which also largely dis- 
appear. It is .firmly my opinion that the great success of this long- 
distance transmission is due to its apparent complexity. 
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Dr. Bell: I think the whole profession owes a debt of gratitude to 
Mr. Baum for his practical researches on these problems that have 
been bothering us all more or less. But apropos of what I think Dr. 
Perrine has just said, I cannot help feeling that there is a phase of 
the matter that we are justified in presenting to Mr. Baum's attention. 
A great system like this, the greatest transmission system in the world, 
may not have immunity from all troubles. When you feed from half-a- 
dozen points and have thirty load points, trouble no longer embarrasses the 
system as a whole, so that many of the difficulties are simply minor local 
troubles. Nevertheless, this is not a normal transmission line. It is u, 
wonderful and exceptional one, on which Mr. Baum has been privileged to 
experiment. If we had instead of such a system a straightaway system of 
10,000 kw for 75 or 100 miles, and the same troubles, of short circuits 
over the arresters, etc., came upon it, it would not mean an incident in the 
system; it would probably mean losing the whole load, with all that this 
implies. So that while these difficulties can be passed over as minor in a, 
splendid large system with a considerable number of feeding points; they 
become major difficulties, perhaps controlling difficulties, under almost pre- 
cisely similar circumstances as regards construction, when we deal with a 
single line on which anything happening puts the whole business of the 
company out of commission for a longer or shorter period. That, I think, 
is why we pressed home some of these questions which are not intended 
as criticisms at all, but merely to get Mr. Baum's valuable experience 
on some of them. As respects the high-voltage proposition, I have always 
believed that when you passed over the moderate, and comparatively in- 
significant voltages of the past, the 10,000 volts or so which was used 
so extensively, the proper thing to do was to play the limit fairly, and 
it seems to me one of the great advantages of playing the limit is not 
only immunity from surging — I have seen the terrific effect of it at three 
or four thousand volts — but the fact that when you are insulating for 
50,000 volts, you are planning the details of the line with a respectable 
factor of safety, to which most of the minor troubles, including all the 
minor lighting disehnrges, become insignificant. In other words, when 
you are insulating for 60,000 volts as thoroughly as Professor Baum is 
insulating out there, the ordinary induced lightning fiash — what we 
generally know as lightning on the line — is merely an incident; it is 
merely what might as well be a part of a surge in voltage, a, part of any 
extra rise in voltage, but cuts no figure there with respect to the margin 
of insulation of sixty or seventy-five thousand volts which you have left. 
I think the secret of these high voltages lies not only in the dimunition 
of the surging troubles, which of course takes place just in that way, but 
also the fact that you have a tremendous factor of safety, and it gives, 
all of us, I think, courage in attacking the problems of the future to know 
of the great success which Mr. Baum has had on this big system, and the 
extent to which the insulation precautions, which he has taken, overcome 
these minor difficulties. 

Me. Moean: I would like to ask one or two more questions from Dr. 
Perrine and Mr. Baum. As I am not thoroughly familiar with the 
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systems, I wish to ask if you have one circuit on lighting and one circuit 
on rotary-converter power? 

Prof. Badm: All together. 

Mb. Moban: What I was driving at is that I wish to try to find the 
relative trouble, if any, on a rotary load and a lighting load on such a 
long-distance system. 

Prof. Baum: The lines are operated altogether; everything is in 
parallel ; the lighting load is taken off from the same line that the motor 
load is taken. Up to a year ago the Northern system was independent 
of the other system, and we supplied its load from one power house, 
which was a straightaway system, load of course being taken all along 
the various points. During that time we had very great success with 
the continuity of service. To give an instance, at one point there were 
two 800-hp motors driving machinery in a, cement plant. We have a 
record of those running for 67 days without a single stop. I think that 
is as good as we can get in any steam plant. We have motors driving a 
street-railway load, and we run that very often thirty or sixty days; 
we sometimes get a sudden knock-out, but are back in five minutes. If 
they are out over half-an-hour we hear from the board of directors. 

I will illustrate what we did about two weeks ago. The station at 
Electra entirely broke down. There was a load all along its line Which 
made it necessary to carry everything from the other stations. The inter- 
mediate station was partly disabled. That makes a distance of 325 miles 
the line was put through. We started up one machine at the end, and 
ran it as a synchronous motor and varied its excitation, and the entire 
load was carried, one portion to a mine-; making a total of 350 miles of 
stretch. The service was just as good as when we were feeding from both 
ends, due to the fact that we had the synchronous voltage running at 
the terminal and we held the voltage just as though we had the power 
house there. 

Mb. Blackweix: I would like to ask Mr. Baum whether all the dif- 
ferent plants of the California Gas and Electric Corporation are ordi- 
narily operated in parallel; or whether they each supply a different 
portion of the system, and are only thrown in parallel to meet emer- 
gencies ? 

Prof. Baum: Just at present we are not operating them in paral- 
lel. We intend to arrange, in the course of time, so that we can at any 
time parallel them. They are arranged now so that you can pass a 
load from one point to the other. The two systems are kept separate 
at present so that the services from one line will not affect the service 
on the other. But we may change that. I anticipate when we get some 
insulators replaced, which we are now doing, that we will not have an 
interruption once in two or three months, with the modern insulators, 
and in that case we might as well tie the whole thing together. 

Mr. T. J. Ckeaghead: I would like to ask Professor Baum about the 
line switch as shown on page 52. I have not dealt with the fifty and 
sixty tliousand volt lines but on medium high-tension transmission lines. 
I have always had the greatest respect for any place up the pole any- 
where near the cross-arm. Now, in the use of a line switch as indicated 
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by Professor Baum, I would like to know whether it is the intent to 
climb the pole and turn the switch by hand. 

Prof. Baum: The switch is operated from the ground with a single 
lever. The three switches are connected here with a wooden cross-bar and 
they are operated from the ground with a lever. 

Mr. P. H. Thomas: I wish to ask the author for a point of informa- 
tion. As I understand his calculation, the possible voltage rise on a line 
due to the interruption of a short-circuit current is made as follows: 
The heavy current resulting from tlie short-circuit stores magnetically in 
the inductance of the line a considerable amount of energy. On inter- 
rupting this current, this energy, is discharged into the capacity of the 
line. The result is a certain rise of potential, depending on the inductance 
of the line, the resistance and capacity and some other factors. The 
numerical value of this equation is based upon the assumption that the 
interruption of current occurs near its maximum value. What I wisli to 
ask, is whether any experimental evidence has been derived tending to 
show that actual interruption of current does occur near the maximum 
point? I wish to call attention to the distinction between the mathemati- 
cal basis of the equation stated and the rise of potential which may occur 
due to a resonant circuit tuned to an oscillating source of electromotive 
force, the latter requiring evidently a number of alternations to estab- 
lish maximum potential. As far as my observation and experience are 
concerned, which include a number of direct experiments, no positive 
evidence is obtained proving that a heavy current will actually be inter- 
rupted near its maximum point within the wave. 

Prof. BAU^r: Mr. Thomas has got the wrong impression from the 
article. The rise in voltage is two hundred times the interrupted cur- 
rent, as I said. Take the value of the current the moment you in- 
terrupt it, and you get the rise in voltage. If you have no current, you 
have no rise. In other words, the current is sinusoidal. If you inter- 
rupt it at the zero line, we don't get any rise in voltage. If we inter- 
rupt it at the crest, the maximum, we have the maximum disturbance. 
I do not think we have any more evidence that the current will be in- 
terrupted at the crest than we have that it will be interrupted at any 
other point. If you throw a wire over that line, you do not know whether 
the final burning out is going to be at one point of the current wave more 
than another. 

Db. Perrixe: I think the real thing Mr. Thomas is trying to get at 
is, whether there is any direct evidence that there is any considerable rise 
in potential ? 

Mr. Thomas: That is the point exactly. 

Prof. Baum: When we performed these experiments by short-cir- 
cuiting this line a hundred miles away, we short-circuited the switch, 
an oil switch; the line discharged over an arrester set for 4% inches. 
You can readily calculate your voltage in order to jump that air gap; 
about 90,000 volts; 4% inches to ground, 9 inches between lines; short- 
circuit to ground. That occurred repeatedly. 

Mr. Thomas: At which end did that discharge occur? 

Prof. Baum: It occurred at the power house. It would undoubtedly 
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have occurred elsewhere if we had other lighning arresters. It occurred 
at the power house because that is where we had lightning arresters. It 
was an oil-break switch. 

Mb. Thomas: What do you conclude from that? 

Prof. Baum: I conclude from that that you get a rise in voltage 
somewhere approximating that formula, due to an interruption, a short- 
circuit. 

Db. Peeeine: I think there is an unfortunate double meaning to the 
term " resonance " as employed in the discussion. Mr. Baum is using 
resonance to signify the discharge due to a resonant circuit, a circuit 
which may not be perfectly balanced against another circuit but which 
at the same time is a circuit which discharges because it has inductance 
and capacity in it and in which the current circulating is interrupted. 
What Mr. Baum is giving us is what actually occurs when we interrupt 
a definite circuit. What Mr. Thomas described is what might occur, if 
we had one circuit perfectly balanced against another circuit. If this 
were impressed with the same frequency and voltage that are used in 
Mr. Baum's calculations, it would result in a very much higher increase 
of potential. 

Mr. Thomas: The information I desire is, which is the actual explana- 
tion of our troubles? 

Prof. Batjm: I think that is given here. 

Me. Thomas: I was asking what the evidence was for that; that was 
the point I was starting out; and if that is clear then I am through. 
What is the evidence of that? You assume it is so? 

Prof. Baum: There is nothing theoretical that can be shown, but 
I have never heard the thing questioned before. 

Db. Beix: As a matter of fact, when we have a circuit fluch as 
Professor Baum has indicated we have a perfectly straightforward clear 
case of simple resonance in a simple circuit and under those circumstances 
we get that rise. You can call it by any name you please. It is simply 
one form of resonance. The last speaker was referring to what you 
might call complex resonance, which I believe actually does take place on 
lines oftener than we think. 

Me. Neall: I wish to add to Dr. Bell's remarks that I do not wish 
to criticise Professor Baum for his lightning arrester, but to call at- 
tention to the importance of the lightning arrester situation in general. 
Abroad, where the horn-type arrester has been used very generally, there 
seems to be no data to show its efficiency at 50,000 volts. This system of 
protection has not until recently met with favor in this country, and its 
present employment, which is confined to very high voltages, indicates a 
degree of protection lacking in our regular types. For this reason we 
can appreciate the desirability of all possible information as to the 
operation of Professor Baum's 50,000-volt horn-type arrester. My ques- 
tion has for its object more to learn what happened to these arresters 
than to criticise any individual for installing them. In continuation 
of my series of questions, I should like to ask Professor Baum if he has 
lost any poles directly from lightning. 

Prof. Batjm: I do not think wc have lost any poles due to light- 
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ning. We may have lost an insulator here and there, but I cannot trace 
and absolutely prove a single thing on our lines due to lightning. 

Mb. Neall: Don't you think you could have taken a record of the 
operation of your arresters wherever they have been installed, by putting 
in supplementary gaps and having your men watch them regularly, thus 
knowing very closely what your arresters were doing and when they 
did it? 

Prof. Baum: Of course, we try to get all the information we can 
from our system. You are no more eager for information than we are. 
We do not get the information primarily to present to a meeting of this 
kind. We get it primarily for ourselves. 

Me. Neaix: I do not want to appear prejudiced, but it does seem to 
me that the usefulness of the horn-type arrester has not been brought 
out prominently. The only thing that has been brought out is that it 
does not do any harm to the system, but there is a very gi'ave question 
whether it does any good. 

Prof. Baum: Well, I consider it a safety. It may not operate more 
than once in a year, may not operate more than once in two years, but 
even if it shuts down your system once in two years absolutely, I con- 
sider it a safety to the system. 

Mr. Neaix : Do you think it is any better in that respect than other 
forms of arresters which will discharge at lower voltage? 

Prof. Baum: The trouble is that they discharge too often. We do 
not want them to discharge that way. When they discharge once they 
are entirely out of business; you have got to buy a new set, and you 
know how many there are in multiple; it is expensive to put in light- 
ning arresters of the ordinary type. Here we just put up a lot of copper 
wire and there is the end of it. We could keep one freight car from the 
East loaded with lightning arresters of the ordinary type busy all the 
time. Of this kind we can buy ordinary copper wire in stock and put 
it up. 

Mr. Neaix: Is that a matter of experience or just a matter of belief? 

Prof. Baum: That is experience. I have had lightning arresters out 
there by the hundreds. 

Mr. Neaxl: Have you tried all types of arresters! 

Prof. Baum: All types that we could get hold of. 

Mr. Neall: Then I am to infer from your remarks that you believe 
for the future protection of high-voltage lines that some simple form of 
horn arrester is the solution? 

Prof. Baum: I don't profess to have any particular prophetic vision 
in the matter at all. At present we are using the horn arrester. As far 
as I am concerned I would just as soon take them all off; but I keep 
them there for safety. 

Mr. MoBAN : I have had no experience \yith the horn arresters and have 
had some with the multiple-gap arrester; a test of forty thousand volts- 
did not prove satisfactory to the multiple-gap arrester. If you will notice 
30,000-volt lightning arresters in working condition, closed upon the line 
there will be seen a number of sparks constantly plying between the gap 
half way down the arrester, and as the surges in the line increase they 
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will go to ground, opening the circuit if you have any automatic arrange- 
ment in the line, so that Mr. Baum's answers indicate to me that 
30,000 volts is the limit for such arresters. 

Mr. Gerry: Mr. Baum remarked that the limit of transmission tension 
rested with the insulator. I think it does not rest with the insulator, but 
with the transformers and secondary apparatus, such as the lightning 
arresters, switches, etc. Many of the difficulties have been worked out 
by Mr. Baum, and he has shown that we may go with safety to some- 
what higher pressures, but it seems to me that the limiting condition 
is still in the apparatus even more than in the line insulation. The horn 
type of arrester will undoubtedly do good work under certain conditions, 
but as Mr. Baum will concede, if the gap be adjusted so that it will dis- 
charge only occasionally, a number of small difficulties such as occur with 
multiple-gap arresters, will be overcome but they will then be concentrated 
in one considerable difficulty, perhaps an interruption of the service, which 
may occur but once a month or once a year, depending upon the climatic 
conditions. In regions where there is a great deal of lightning it may 
readily be seen that a horn arrester might produce most unsatisfactory 
results, in the way of frequent shut-downs, while in other localities the 
results from a practical standpoint might be acceptable. I brought up 
the lightning arrester question, not because I disagreed with Mr. Baum, 
but to bring out the facts, and having done this I wish simply to reiterate 
the statement that I believe the limitations of working pressure for trans- 
mission purposes to be in the lightning arresters, switches, and secondary 
apparatus, as well as in the transformers. These limitations are not 
permanent, and the difficulties they present will be overcome, but at the 
present time the limiting conditions are there rather than in the line 
insulation. 

Prof. Baum: I do not agree with Mr. Gerry on most of those points. 
The transformers are not limited to the present voltages for which they 
are now being built. We are willing to build oil switches for 100,000 volts 
if we want them. The lightning arrester I think will take care of itself 
when you are operating at 100,000 volts and over; that is, if you insulate 
the line properly. There is nothing left, in my mind, but the line insulator, 
and I consider that the weak point of the transmission — the only one 
at which we see any very great difficulty in going to a higher voltage, say 
100,000 volts. In other words, I believe if it were not for the line in- 
sulator we could go to 100,000 volts to-day. 

Chairman Scott: We have had a very interesting discussion on the 
matter of lightning arresters, even though it be but an incidental part of 
the paper. I fear that some of the things Mr. Baum has said are sus- 
ceptible of misinterpretation by others. If the simple statement goes 
forth that in operating his line he has found the simple horn arrester 
to be ample, and since his lines constitute the most extensive system 
in existence, then others may conclude, that because their lines are shorter 
and voltage lower, the horn arrester will be ample for them. I do not 
believe Prof. Baum quite intends that interpretation. In fact, he has 
said that he has but little lightning, and that he would not regret very 
much leaving them off entirely, but it was rather a matter of conscience 
5 
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and sentiment that the arresters were put on, so that they might feel a 
little safer.- The absence of severe lightning is shown by the fact that they 
have lost no poles by lightning. On another plant a gentleman told me 
a while ago that in one storm forty-seven consecutive poles were more 
or less affected, and that he had had large poles from which, after one 
good disturbance, there wasn't enough left to make a fence post. Now 
Prof. Baum is not talking about conditions of that kind. He has said, 
moreover, that something happens on the lines from time to time, and 
he does not know whether it is caused by the lightning arrester or not; 
and he suggests that these disturbances, due to lightning arresters or 
something else, may be eliminated so that they occur only occasionally. 
Perhaps in the large system there is less likelihood of shutting down due 
to a disturbance at one place; but there are plants in which the mere 
fact of a temporary shut-down once or twice a season, of perhaps only 
a few minutes, and involving little or nothing in the way of cost and 
repairs, would lead to a very grave criticism of the protective devices. 
So I think, in line with what Mr. Gerry has said, we must feel that 
the lightning arrester problem is not at all solved because there havo 
not been more diSiculties on the Bay Counties line. If the operating 
engineers are satisfied with a horn arrester; if that will do all that they 
want, the manufacturers of lightning arresters have been entirely ofif the 
track in spending thousands of dollars and the time of experts in trying 
to solve the problem. Some may say it is because they want to sell some- 
thing; but primarily it is because of the fundamental need of something 
of that kind, and because they have felt there is such a need. In fact I 
rather think that some of those who manufacture lightning aresters 
would possibly be glad to be relieved of the whole problem, but it is a 
necpssary element, and one of the most difficult in the preparation of the 
apparatus for transmission systems, and I rather feel that operating 
engineers do not want to express a sentiment which will lead to the idea 
that efforts in this line by those who are doing the work of investigation, 
and trying to prepare apparatus of this kind should be lessened. Do I 
state it properly. Prof. Baum? 

Prof. Baum : That is correct. I do not want to give out the impression 
that if I were operating in a different part of the country and I were 
operating at a different voltage that I would not put on the multiple- 
gap lightning arrester. 

Chairman Scott: Probably put on everything you could get? 

Prof. Baum : Tried everything I could get. We have tried this here and 
it has gone out of service and we have tried something else. 



AMEEICAN PRACTICE IN HIGH-TENSION LINE 
CONSTRUCTION AND OPERATION. 



BY DE. F. A. C. PERRINE, Delegate of the National Electric Light Asso- 
ciation and of the Pacific Coast Transmission Association. 



A characteristic of American practice is that it tends toward 
standards not only in the matter of the sizes of units, speeds and 
manufacture appearance, but also in the methods of producing 
results and in types of engineering. While it may he true thai 
this tendency was originally based upon a desire for cheap manu- 
facture and interchangeability of parts, at the same time it must 
be understood that the present elaboration of this policy is some- 
what due to the fact that in so large a country the ideas of the 
best men cannot be directly applied except as they may be adopted 
for standards. N"o one section of the country produces the best 
men necessarily, nor does any one group of engineers dominate 
our practice. On the contrary, the meetings of our engineering 
societies have taken the character of sittings of committees, where 
are presented many plans, and where all plans are carefully dis- 
cussed and" sifted. From those presented the best is chosen and 
becomes the standard. 

Accepting these results as the standard does not imply that 
there is general in this country a spirit of copying or of servile 
imitation among the engineers. On the contrary, we feel that the 
result of the attitude so prevalent in American engineering at 
the present time, of establishing standards, has introduced a wise 
spirit of conservatism, and has thrown the burden of proof upon 
each one presenting a new idea. At the same time it has resulted 
in raising the character of the average engineering work through- 
out the country, until today good American engineering can be 
found, not only in the great spectacular plants near enough to 
the large centers of progress to have the personal attention of the 
most experienced engineers, but in consequence of this system of 
practice an equally good type of engineering can be found in the 
plants in the out-of-the-way deserts or mountain regions, where 

C7 
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the local engineer of good capacity, knowing his conditions thor- 
oughly, has relied upon the standards established by his fellows 
in those particulars where his own experience has been limited, 
and in consequence a plant is produced, not only more perfectly 
adapted to the particular circumstances of its surroundings, but 
in all details more thoroughly satisfactory than could have been 
designed under any other system. Our rule is that invariably 
one should adhere to well-established practice and introduce such 
modifications as are made necessary by the local conditions. This 
does not limit the full employment of the energies and brains of 
the local engineer, since, without a special consideration of out- 
side details, there is always in every transmission plant particular 
circumstances which tax the ingenuity of the best. That this is 
the general method of American practice will be seen by any 
one who consults the report of the standardizing committee of 
the ximerican Institute of Electrical Engineers. The report 
covers, not only units, standard methods of testing, and details 
of manufacture, but also procedure, both outdoor and in, for all 
types of plants, and this report in itself has resulted in a certain 
similarity of type where problems to be solved are similar. 

The work of the transmission engineer lies in fields so essen- 
tially dissimilar that even in spite of this general tendency it may 
be difficult at first view to ascertain what is the American prac- 
tice in work of this class. On closer examination one finds, how- 
ever, this work falling into natural groups dependent on the 
length of transmission and the voltage employed, though what 
has been done has been materially modified by the date of erec- 
tion, since during the past ten years modifications in the arts 
have been necessarily reflected in the types of construction. 

The general groups have been somewhat decided by the manu- 
facturers of machinery, who have presented as preferable certain 
available voltages. Above 2400 volts, where transmission proper 
really begins, the first voltage now commonly employed is 6600, 
which figure has been established as standard by the needs of the 
lighting plants in the great cities, and has been adopted by the 
transmission companies in place of either a higher or lower volt- 
age mainly because it is a standard. For this voltage direct gen- 
eration at high pressure is almost invariably used. The next 
higher voltage now commonly employed, and practically the first 
one for which step-up transfonners are used, is 15,000. During 
the past few years this has taken the place of transmissions at 
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10,000, .12,000 and 13,000, and it is today the established voltage 
for high-tension electric railways, the general reason for its estab- 
lishment as a standard being that this voltage is not more diffi- 
cult to handle, as regards insulation or switching, than the three 
last-mentioned lower voltages, and, furthermore, that, where the 
lower voltages have been previously established, the sphere of 
operation of the transmission plant has been found to be rather 
too much limited. There are in the Eocky Mountain region 
and west a great number of the older plants operating at 10,000 
volts, and whenever direct high-voltage generation has been at- 
tempted, voltages of from 13,000 to 13,000 volts are used; but, at 
the same time, the majority of the plants which have used these 
lower pressures in the past today have circuits with special trans- 
formers operating at the higher figure. The next step is to 
25,000 volts, which is the highest figure reached without special 
study of insulators, switches and lightning arresters. This volt- 
age has been successfully handled without serious trouble during 
the past six years. A voltage of 33,000 is employed in a number 
of plants built about five years ago, and at this figure the special 
difficulties due to line capacity, insulator size, erratic lightning- 
arrester effects and switching begin to make themselves seriously 
felt. Above 33,000 volts the standard voltage is called 60,000, 
although in all plants that have heretofore been established to 
operate at this pressure, there have been installed transformers 
arranged for connection to various voltages of from 40,000 up to 
60,000 volts, and the majority of these plants are today operating 
at about 50,000 volts, some of them being unable to operate at 
the highest pressure on account of the character of line insulators 
originally installed. In the choice of voltage for any transmis- 
sion it is considered the best .practice to establish it at the rate 
of 1000 volts per mile, provided the length of transmission be not 
above 60 miles, since above 60,000 volts no commercial work has 
been regularly attempted. In the table recently presented by 
the transmission committee of the American Institute of Elec- 
trical Engineers, the highest average voltage per mile for any one 
class in their report is 840; but in examining this table it must 
be remembered that their correspondents have reported the total 
length of line in service, so that, if a plant be operating two lines 
fifteen miles each in length at 15,000 volts, the table would indi- 
cate an operation at 500 volts per mile, although for each line 
the transmission was at 1000 volts per mile. 
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The common lighting frequencies of 125 and 133 have, for trans- 
mission lines, given place entirely to the frequencies of 60-40-30 
and 25, no use having been made in this country of the frequency 
of 100, and only in one locality has there been any employment 
of 50 periods. 

In the transformation from one frequency to another, which is 
found often to be advantageous, simple apparatus would be em- 
ployed if the frequencies in use were multiples of each other and 
use made of 25-50 and 100 or of 30-60 and 120, but, unfortu- 
nately, the four frequencies mentioned have been practically used 
and are to-day too thoroughly established for further change. 

Systems in which lighting is the principle element, and where 
distribution over a wide territory make the work of small com- 
munities an important element to the business office, employ a 
frequency of 60 v periods per second and at this frequency large 
amounts of energy is transmitted to considerable distances at the 
highest voltages. The frequency of 40 is largely confined to 
transmissions from which cotton mills are operated, this having 
resulted in motor speeds suitable to their line shafting. 

For a number of years the two frequencies of 30 and 25 have 
contested for supremacy in plants primarily established for power 
purposes and for the operation of rotary converters, but largely on 
account of the very great amount of machinery installed at Niagara 
and employing a frequency of 25 that is becoming more and more 
to be the established standard for power purposes and seems likely 
to displace altogether the higher, which has no distinct superiority 
except that it is one-half the standard frequency used in lighting. 

In the generation of power the revolving-armature machine has 
almost disappeared from the new plants, and revolving-field gen- 
erators have become so settled in type that those produced by 
different manufacturers are hardly distinguishable by the casual 
oliscrver. For the low-head plants using turbine wheels it is 
necessary to provide for a 50 per cent increase of speed, and in 
the high-head plants, where impulse wheels are employed, a 
strength sufficient to withstand a speed increase of 100 per cent 
must be allowed to provide against damage from overspeeding 
should the power be thrown' off and the water continue to flow. 
The machine fulfilling these conditions and practically adopted 
by all the manufacturers is characteristically a revolving field 
machine with the poles keyed to a cast-steel spider, the field 
windings being of copper strip wound upon edge, the armature 
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being constructed of a cast-iron box girder supporting the sta- 
tionary armature laminations. Almost the only departure from 
this type of construction for power-transmission work is found in 
the balanced type of inductor machine, where the field is mag- 
netized by a central stationary field coil wound with copper strip, 
the armature in two halves symmetrically arranged around the 
central core being of laminations supported either by cast-iron 
rings connected together by cold-rolled steel bars -or supported 
by a steel shell to which the armature laminations are keyed. 

Various station voltages have been employed, but, where direct 
generation at 6600 or 12,000 volts has not been resorted to, the 
practice is setting more and more to the use of about 2300 volts, 
this being chosen because the lower voltages require large extra 
station copper and the higher voltages are felt to introduce un- 
necessary station difficulties of insulation and switching. For 
switching, the present type of 2300-volt oil switch has been so 
well developed, by reason of the great number of plants operating 
at this pressure, that for handling a particular amount of energy 
it is both cheaper and better than any 500-volt switch on the 
market. 

For plants operating at less than 25,000 volts, the step-up 
transformers in use are about equally divided between the water- 
cooled, oil-filled types and air-blast types. Where a good supply 
of water is to be readily obtained,, the oil-filled transformers have 
generally been given preference, as they can be more readily ad- 
justed for a varying flow of water at different loads. The question 
of the relative fire risk from the two types has been extensively 
discussed, and it can hardly be said that any very definite con- 
clusion has been finally reached, though the weight of opinion 
seems by far to be that the fire risk is at least not increased by 
the use of the oil-filled transformer, and the actual risk in either 
type seems to be a matter largely of installation. It is perfectly 
true that there have been some very serious fires, resulting in the 
complete destruction of power plants, where oil-filled transform- 
ers have been used, but in each case the fire has started outside of 
the transformers, though they themselves, by reason of being 
installed without reference to safety in case of fire, have furnished 
fuel which has augmented the conflagration. Today the condi- 
tions of installation for safety are better understood, and it now 
only remains to be decided whether, in the case of a fire actually 
arising, the oil shall be run out and the transformer cases filled 
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with water, or the whole transformer protected, either by running 
an excessive amount of water through their cooling coils, or by 
so installing them that the transformers may temporarily be sub- 
merged to within a few inches of their tops. Actual protection 
of transformers by running water through their cooling coils haa 
been found to be effective in at least one serious fire. 

For high-tension switching, use has been made of a long arc 
broken between carbon terminals, long-inclosed fuse, a fuse 
drawn through a tube filled with a fine, non-conducting powder, 
and of oil switches. The first two types, while interrupting the 
circuit well, draw an arc of excessive length and produce a surg- 
ing which may result in an increased potential of at least as much 
as 50 per cent. In consequence, these types are rapidly disap- 
pearing except in plants operating at 15,000 volts and below, 
where the carbon break is preferred to the inclosed fuse, though it 
is common to install the two in series, allowing the fuse to operate 
as a safety device, but not for the purpose of switching. The type 
of switch where a wire is drawn through a tube filled with powder 
is found to operate successfully up to 40,000 volts and without 
serious surging on the circuit, but the powder being blown out 
with great force, scatters over the entire station, and is in con- 
sequence not allowable. The oil switches mainly employed are 
those with the vertical break and those with the horizontal break. 
The vertical-break switch has the advantage that the amount of 
oil contained in the oil-tank is relatively small, and will add to 
possible conflagration only a slight amount of fuel. This switch is 
found on severe short-circuits often to blow all the oil out of the 
tank unless the tank is built very strongly, when it becomes neces- 
sary to insulate the plunger from the tank as it enters the switch. 
The horizontal-break switch, while containing a large amount of 
oil, will for the same length of break, handle about 35 per cent 
more energy at any definite potential. This switch can success- 
fully be used at 60,000 volts, and up to the present time has not 
been found to blow the oil from the tank. These two types of oil- 
switch are the standard today, no distinct preference being given 
to the horizontal switch, though the writer believes that in the 
future this type will be used as a standard for the highest poten- 
tials. 

Transmission with two-phase connection of circuits, whether 
using three or four wires, has for voltages above 6600 given 
place entirely to transmission with a three-phase connection. 
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though three-phase transmission with two-phase distribution de- 
scribed by Mr. Scott at the International Congress of 1893 is very 
extensively employed. 

The relative merits of the delta and star connection of the lines 
to the transformers is still somewhat in dispute, so much so that 
in plants of the highest voltage, where several voltages are pro- 
vided, certain of the lower voltages are obtained by delta connec- 
tions to the transformers, while the higher voltages are to be 
obtained by a star connection. Tn general it may be stated that 
up to 25,000 volts the delta connection is generally preferred, 
principally because with this connection a ground upon one line 
does not necessarily result in a short-circuit, and, furthermore, the 
service is not necessarily interrupted in the case of the failure of 
a single transformer. At voltages higher than 25,000 volts the 
transformers for delta connection become more diflficult to build 
and insulate. Furthermore, a single ground anywhere produces 
disturbances of a serious character, and in consequence the star 
connection with the grounded neutral is employed, advantage 
being taken of the fact that a grounded neutral aids in the dis- 
tribution of imbalanced loads, and furthermore the rise of pres- 
sure which may occur from line discharge at the time of an open- 
circuit or a short-circuit are not so likely to produce serious results. 

For the distribution of current through the low-tension mains, 
it is generally the custom to transform to 2300 volts two-phase 
unless either the load is mainly one of motors, or unless there are 
important motors of considerable size to be supplied at a distance 
of half a mile or more from the sub-station. In such cases three- 
phase star-connected four-wire distribution is employed, allowing 
the connection of distributing devices either to a 2300-volt circuit 
between lines and the neutral wire, or a connection to a 4000-volt 
delta circuit for balanced loads. This combination of circuits is 
found to be extremely useful where a mixed load is to be supplied 
at varying distances. 

The high-tension lines themselves are preferably run over pri- 
vate right of way. Eailroad rights of way were at first highly 
prized on account of the entire absence of trees' and disturbing 
structures, and furthermore on account of the fact that inspection 
and repairs are most easily provided for; but experience with such 
lines has proven that, for transmissions at even so low a tension 
as 15,000 volts, the interference with insulation by the smoke 
from the locomotives, which covers the insulators, more than 
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counterbalances all the advantages, and today such rights of way 
are more commonly shunned than sought. Where railroad loco- 
motive smoke combined with sea fog is encountered, it becomes 
aljsnlutely necessary to clean each insulator at frequent periods, 
even though the voltage of transmission be not more than 5000 
or 1 0,000. Along the country road this diflBculty is not apparent, 
but in some localities farm structures and trees interfere with the 
transmission, so that in general it may be said that a private right 
of way that the transmission company can absolutely control is 
much to be preferred. 

In the most recent types of construction the height of pole is 
limited as much as possible. While there may be some increased 
security from malicious disturbance in the use of high poles and 
a decrease of line capacity may be expected, these advantages are 
only obtained at the expense of stability and at an increased cost. 
A pole 35 ft. long set 5 ft. in the ground permits the safe installa- 
tion of either a single three-phase line with a spread of as much 
as 6 ft. by supporting one insulator on the top of the pole and the 
oilier two on the ends of a long cross-arm; or it may be used to 
support two three-phase circuits on opposite sides of the pole with 
a spread between wires of 3 ft. by the use of two cross-arms, 
and at the same time such a pole permits the safe installation of 
telephone or other signaling circuits on brackets or cross-arms 
at a safe distance below the power lines. These poles should not 
be less than S in. in diameter at the top and not less than 13 in. 
in diameter at the ground line. Variations from these dimensions 
may be considered as being due to special considerations based 
upon the location of the lines or arrangement of the circuits. It 
is true that such a standard pole may only be arrived at after a 
consideration of the wind stresses on the particular lines taken in 
conjunction with the spacing of the poles, but as the maximum 
pole spacing on transmission lines is about 135 ft., at average 
wind velocities these pole dimensions may be considered safe. 
Extra strength required by variations of wind stress, either due 
to an increase in the number of wires or to a necessity for allow- 
ance for sleet, is more commonly taken care of by shortening the 
spans than by an increase in the size of the pole. In some cases 
where severe sleet conditions are to be encountered and the wires 
are large, it is the practice to install these poles at not more than 
50 ft. apart. 

The material used for poles depends largely on the locality. 
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In the Southeastern States chestnut is the faTorite wood; along 
the Canadian border and through the Eocky Mountain regions 
cedar is employed, while square-sawn redwood is used almost ex- 
clusively on the Pacific Coast. "With increase in voltages and con- 
sequent increased trouble from insulators, a demand has arisen 
for a pole-line construction which will permit a decrease in the 
number of insulators and allow an increase in the size of each.. 
This has been accomplished by the use of galvanized-iron towers 
not less than 40 ft. from the ground-line to the wires, and spaced 
aboiit 500 ft. apart. One plant in Mexico has recently successfully 
installed this method of construction. A second in the same 
country has contracted for its material, and a number of plants 
in the United States are contemplating its use. The question of 
the life of wooden poles depends not only upon the character of 
the wood and its condition when cut, but also upon the local con- 
ditions of atmosphere and soil. In some places the poles which 
are available have no longer life than about five years, and, in the 
extreme, wooden poles cannot be greatly depended upon for a 
period greater than 15 years, though the redwood poles installed 
along the lines of the transcontinental railroads west of the Rocky 
Mountains have in many instances given a life up to 35 years, 
and are still said to be in good condition; but these poles are set 
into a soil strongly impregnated with alkali in a country where 
rains are few and the air generally dry. Nothing is known as yet 
of the life of the galvanized-iron tower except from windmill 
practice, where towers which have been galvanized after all punch- 
ing and machining is done are found to be in good condition after 
a period of 10 to 15 years. 

The cross-arms in use are almost invariably made of pine with- 
out treatment other than painting. These arms are let into the 
pole from 1 to 2 in., being held by bolts through the pole and 
arm, and when long are additionally supported by braces. Even 
with steel poles wooden arms are used, the general feeling being 
that there is less probability of the circuit being completely dis- 
abled should an insulator break and the line fall, if it falls upon 
a wooden rather than a steel arm. At the same time an experi- 
ment in the use of wooden braces has not been found to result in 
any certain advantage. ' In consequence, flat galvanized-iron braces 
established a number of years ago as standard by the telegraph and 
telephone companies are now almost universally employed in the 
cwistruction of transmission lines. With increase in spans and 
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voltages the insulators are increasing in size. This condition will- 
probably in the future demand a strength of arm greater than can 
be obtained by the use of wood. This problem, however, has not 
a? yet obtained a definite solution. 

For plants operating below 25,000 volts much use has been made 
of glass as a material for insulators. Glass has been for many 
years the standard insulator material in American telegraph and 
telephone practice, and in spite of many experiments that have 
been tried with porcelain, it is still considered the best and cheap- 
est material for this service. However, in transmission work one 
of the great advantages claimed for glass in telephone and tele- 
graph practice disappears. The engineers of these companies 
claim that it is important to provide against dark, narrow spaces 
within the insulators on account of the fact that they form the 
homes of insects. The transparency of the glass largely obviates 
this difficulty. Where large insulators are used such as are em- 
ployed by transmission companies, the spaces within the insulators 
are well lighted from below, and the transparency of the material 
is not important. Glass is comparatively fragile, and for trans- 
mission work it has nothing to recommend it except low first cost 
and cheap inspection; these, to be sure, are very often overpower- 
ing advantages when the voltage is low enough for the particular 
form of insulator used to provide a large factor of safety, and in 
consequence up to 15,000 volts glass insulators are generally pre- 
ferred unless there are special climatic conditions which render 
them liable to fracture. Many series of tests have shown con- 
clusively that the porcelain insulator has a greater mechanical 
strength, is less liable to surface leakage, has a safe dielectric 
strength, and in addition that it is exceedingly difficult to break 
the head of a porcelain insulator so as to allow the wire to 
fall away from it. The one disadvantage of porcelain is that there 
is an uncertainty as to its solidity, and that it is only possible to 
ascertain its solidity by most careful high-voltage tests. The 
question of the form of high-voltage insulator as yet is in high 
dispute, operating engineers being inclined to a design where the 
petticoats are very long and comparatively close together, so that 
great creeping distance be given over the surface of the insulator 
between line and line and between line and pin, comparatively 
little importance being placed on the flashing distance. Engineers 
of the manufacturing companies, however, incline toward one of a 
much more open type of large diameter and with few petticoats. 
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This latter form undoubtedly gives the greatest sparking distance, 
has the least dark spaces within it, and is more readily cleaned by 
rain storms. It is also important that such an insulator may be 
constructed to operate at high voltage without noise, and, as there 
is a definite loss of energy whenever the insulators on a line are 
noisy, it may be safely predicted that the open type of insulator 
is to be the one that will be in the future considered as the 
standard. 

While, for a particular voltage, insulator size may be largely 
determined by the form, at the same time we may in general note 
that up to 10,000 volts insulators, whether of glass or porcelain, 
have a minimum diameter of about 5 ins. A 7-in. insulator can 
successfully be used on voltages as high as 25,000, a 13-in. in- 
sulator is sufficient up to 40,000 volts, while at 60,000 volts it does 
not seem safe to install insulators having less diameter at the top 
than 14 ins. A greater size would unquestionably invariably be 
used for these high voltages if the problems of the manufacture of 
porcelain and support of the insulator were altogether solved. 

Insulators above eight inches in diameter are generally manu- 
factured in several parts and either glazed together in the porcelain 
kiln or cemented together in the field. This method of construc- 
tion allows a more thorough inspection of the constituent parts for 
solidity of material and also reduces the loss from breakage in 
transit. It has the disadvantage of introducing into the insulator 
a variable dielectric which, however, in line insulators has not been 
proven to be a disadvantage. 

Attempts have been made to construct an insulator of two ma- 
terials, such as glass and porcelain, but all such attempts have 
been now abandoned and the separable insulator is now constructed 
entirely of porcelain united with Portland cement. 

In supporting the insulators on cross-arms it is necessary to pro- 
vide that the lowest petticoat be raised above the cross-arm as much 
as the radius of the insulator, and, as the strain comes on the ex- 
treme top of the pin, it is obviously difficult to successfully support 
the largest size of insulators by means of the common pin and cross- 
arm construction. By using carefully selected woods, this has 
been successfully accomplished for insulators up to 11 ins. in 
diameter, but at 40,000 volts in bad weather such insulators carry 
enough current over their surface to char a wooden pin. Accordingly 
practice has settled to the use of iron pins in plants operating above 
25,000 volts. At this voltage and below, the wooden pin can be 
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successfully used and indeed forms a certain protection to the 
line by reason of the fact that the pin itself is a semi-insulator, 
and is only in danger of being burned when the insulator is 
punctured. Above this voltage, however, only metal pins can be 
employed, not only on account of the large size of the insulator, 
but also on account of the fact that there is much burning of 
wooden pins. The manner in which these pins are burned has 
attracted considerable attention, having presented some problems 
which are exceedingly interesting. There is no doubt but that 
the effect is due to leakage over the surface of the insulator, but 
it is extremely interesting to note that in some cases the pin is 
actually charred, whereas in other cases there is an apparent dis- 
association of something in the wood, and peculiar salts are left 
behind either reduced from the atmosphere or from the material 
of the wood itself. This matter was discussed by Mr. C. C. Ches- 
ney in a paper read before the American Institute of Electrical 
Engineers. 

The materials that may be used for wooden pins are locust and 
eucalyptus. The latter wood is decidedly preferred in the plants 
west of the Eocky Jlountain region and where it is readily available,. 
as the wood has been found to be as strong as hickory, dense, and 
readily handled when thoroughly seasoned and dried. For the 
largest sized pins, however, as has already been said, no wood is 
entirely satisfactory, and in consequence use is made of malleable 
cast-iron or cast-steel. 

As regards conducting material, it may, of course, be said that 
the only materials at present available are copper and aluminum. 
For a number of years there has been a discussion of the possible 
use of iron for short lines on high-potential plants, since the 
smallest copper wire that may successfully be strung is unneces- 
sarily large under such circumstances. This procedure, however, 
has not obtained the approval of any of our electrical engineers. 
The copper wire is invariably uninsulated in high-tension work, 
since it is correctly believed that no insulation is a true protection, 
and the frank nakedness of the bare wire is a warning, and in con- 
sequence a safeguard to those who are compelled to work near 
the line. 

Copper is used either soft, hard-drawn or stranded. For trans- 
mission work, where the wires are smaller than 0.3 in. in diameter, 
use is not made of soft-drawn wire, and it may be stated that the 
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standard in American practice is to use soft-drawn wire only for 
large, low-potential circuits where the small change in -conduc- 
tivity due to the hard drawing is an important factor. Up to 
0.3 in. hard-drawn copper may he considered standard. Between 
0.3 in. and 0.4 in. diameter the practice is evenly divided be- 
tween solid hard-drawn wire and strand. Larger than 0.4 in., 
strand is almost invariably employed. Some use has been made of 
solid aluminum, but, as the material must be haadled with great 
care, it has been found generally to be the better practice to em- 
ploy aluminum strand, which is more readily installed and more 
reliable after being installed. 

Preference between aluminum and copper is almost entirely a 
matter of price for transmission lines. It is true that aluminum, 
is stronger in reference to its weight for the same conductivities 
than copper, but at the same time it is materially larger, and the 
resultant transverse wind stress on the line greater. For short 
lines, delivering a small amount of power at voltages of 40,000 
or above, aluminum is decidedly to be preferred, since it is found 
that at these voltages a wire less than 1/4 in. in diameter will 
discharge through the air, and this discharge may result in a con- 
siderable loss of energy. Accordingly, it is not possible at these 
voltages to successfully use wires less than 0.3 in. in diameter, 
no matter what the amount of energy or the distance. Accord- 
ingly where the amount of energy and the distance may result in 
the loss not being the determining factor, aluminum is much pref- 
erable for the reason that at a definite size it is materially cheaper 
than copper. Where salt-sea fog is to be encountered, both alumi- 
num and copper are acted upon. The action on aluminum is 
greater than the action on copper, and in consequence copper must 
necessarily be used. Where such conditions are not encountered, 
aluminum is an entirely safe material provided it is not exposed 
to the elements in contact with any other metal. The joints, 
therefore, must either be made of aluminum of the same quality 
as the wire, or the joints must be carefully insulated so that no 
moisture will penetrate. Aluminum must be strung with careful 
reference to the temperature at the time of erection, since its co- 
eflBcient of expansion is very large, about three times the coefiBcient 
for copper, and experience in the erection of copper lines will re- 
sult in an unsafe aluminum line. Careful tables have been pre- 
pared as to temperature, span and sag, and, when these tables are 
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followed, no apprehension need be felt as to the safety of the line. 

The most difficult problem at present encountered in the con- 
struction of high-tension transmission lines is that presented by 
the lightning arresters. For voltages up to 35,000, the non-arcing 
types of lightning arresters, either with or without series resist- 
ances, may be successfully used. Above this voltage and where 
large amounts of energy are available, these arresters are found 
to be short-lived, and up to the present time no thoroughly satis- 
factory arrester has been presented, which does not, when inter- 
rupting the ground circuit after a discharge, injure the insulation 
of the line and transformers. The horn form of lightning arrester 
developed in Germany has been found to operate with invariable 
success so far as the lightning arrester itself is concerned, but, as 
it is interrupting the ground circuit, it draws a large arc, and 
oscillations are produced on the line, which in many cases have 
been found to have more serious results than the discharge they 
were installed to remova Condensers in parallel with the light- 
ning arresters and ingenious arrangements of condensers and re- 
sistances have been used with some success, but none of these plans 
may be considered to be entirely satisfactory for the highest po- 
tentials operated from the largest generating plants. 

In the operation of such lines every eifort is made toward main- 
taining continuity of service. Such lines are carefully patrolled, 
even when it becomes necessary to build a special runway for the 
patrolman, and it is remarkable with what certainty these ex- 
perienced men can predict the hours of life of a failing insulator, 
and provide for voluntary interruption of the service in time to 
remove the imperfection. Duplicate lines for long-distance work 
is an invariable necessity, though by far the best protection that 
can be offered for service is the supply of current from different 
power stations over lines following difEerent routes. The present 
tendency is toward the consolidation of plants, not only for the 
purpose of decreasing the general operating expense, but more 
particularly for providing continuity in the case of the most serious 
accidents. E"o difficulty is experienced in operating in parallel 
jilants widely separated, and where a number of plants- are feeding 
into the same network, to certain plants are assigned the regula- 
tion of the entire system, others feeding the circuit being allowed to 
operate their machinery at full load continuously. The line capac- 
ity offers the most serious problem in determining regulation 
•where the loads vary widely, but this quality becomes important 
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only for great variations of load, which, as the plants increase in 
size and load, are disappearing. Where proper care has been given 
to the installations of the lines and where duplicate lines and plants 
are provided for, care in operation and patrol of the lines has re- 
sulted in success both from the engineering and financial stand- 
point. 



SPARK DISTANCES COERESPONDING TO DIF- 
FERENT VOLTAGES. 



BY H. W. FISHER. 



Eealizing the advisability of using sparking distances for deter- 
mining impulsive rises of voltage, the writer commenced a series of 
experiments about the beginning of the last decade with a view to 
learning how the sparking distances varied with the voltage and 
the kind of points. The results obtained then showed that the 
subject was very complex and that the problem could only be suc- 
cessfully solved by using a great variety of points whose diameters 
had been carefully measured. Such work the writer undertook and 
accomplished sufficiently well for his own use. It was his intention, 
however, to go more fully into the subject and present his researches 
in the form of a paper. About that time Mr. Steinmetz read his 
excellent paper entitled "Dielectric Strength of Air" before the 
American Institute of Electrical Engineers. 

After the adoption of the table giving the sparking distances cor- 
responding to different voltages by the American Institute of Elec- 
trical Engineers, there has been a tendency to use this table for 
measurements of high voltage, and in the present paper it is the 
object of the writer to show the magnitude of the errors that may 
arise from the use of ordinary needle points. 

For these investigations, current from 2,000-volt, 60-cycle gen- 
erators was furnished by the Allegheny County Light Company. 
Through the kindness of Mr. W. A. P. Schorman of said company, 
the voltage and frequency were kept very constant, and while 
making individual tests the voltage seldom varied more than 1/10 
per cent. Considering that our line was taken off of one of the 
regular lighting circuits this result can be considered remarkable, 
and such constancy was, of course, invaluable in our investigations. 

The apparatus consisted of a water resistance placed in series 
with an auto-regulating transformer, and the lighting circuit. 
From the secondary of the auto -transformer, current was supplied 
to a large high-voltage transformer. By means of the regulator, 
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the high voltage could be varied by steps of 1 per cent, and the 
water resistance could be changed so as to give absolutely any 
voltage desired. The high voltage was measured by means of a 
Weston voltmeter placed in series with non-inductive resistances. 
The Weston voltmeter was very carefully calibrated by a potentio- 
meter method, and its impedance, as well as those of the resistances 
used in series with it, were measured and the multiplying factors 
of the different resistances were calculated. 

After all this preliminary work was done voltages could be meas- 
ured to an accuracy of nearly 1/10 per cent. 

Fig. 1 shows the spark-measuring apparatus, which consisted of 
a heavy base of hard rubber on which was mounted rigidly one 
needle-holder screw and micrometer, reading to .001". The other 
needle-holder could be moved forward or backward in a groove and 
fastened in any desired position to suit the length of needles em- 
ployed. The actual needle-holders were provided with ball-and- 
socket joints so that the points of the needles could be placed exactly 
opposite each other. Concave discs of different diameters could be 
placed slightly back of the needle points as shown in the cut, where 
for the purpose of illustration and comparison a 4" and a 10" disc 
are placed over the holders. The writer found that by the use of 
said discs, the sparking distances were more uniform. The discs 
reduce the amount of brush discharges, which without them some- 
times suddenly become sufSciently great to start a spark before the 
right distance is reached. The hard rubber handle is placed to the 
left of the apparatus. They do not prevent abnormal spark dis- 
tances due to impulsive rises of voltage. Other advantages of their 
use will be mentioned later on. The apparatus was designed by the 
writer and made by The Leeds & Northrup Company of Phila- 
delphia, Pa. 

As the e.m.f. wave form of an alternating-current generator 
changes with the amount and kind of load, it was decided to make 
a few spark distance measurements at a definite voltage every time 
any tests were made, and to confine the experiments mostly to times 
of the day when the generator load would be fairly constant. The 
definite voltage referred to above was 35,340, which corresponded 
to a voltmeter reading of 83.5, 'the voltmeter multiplier being 303.4. 

In order to always get a deflection of exactly 83.5 it was neces- 
sary to use a water resistance, and hence as a water resistance in the 
primary of a transformer has a tendency to change the relation 
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between maximium and mean effective pressure of the secondary 
voltage, it was necessary to determine through what range the water 
resistance could be operated without affecting the e.m.f. curve. 

Table I gives the result of this investigation, and it will be seen 
that when the water resistance was set at 20, the change only 
amounted to 1/10 per cent. Therefore, throughout the tests, we 
never reached this point, and the settings were mostly between 10 
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Fig. 3. Spaekinq distances coeeespondinq to mean effective a. o. 

voltages. 



and 15. It will be interesting to note that the maximum water 
resistance made an increase of 4 per cent in the spark distance. 

Prom work done years ago, it was found that more consistent 
results could be obtained by the use of sharp points, so No. 13 
Thomas Harper's " Pro Bono " needles were employed in these 
investigations. 

It was decided first to determine accurately the spark distances 
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corresponding to different mean effective e.m.f . In doing this work, 
a great many tests were made at different voltages, and in each in- 
stance a reference spark distance at 25,240 volts was obtained. Ten- 
inch discs were used and each was placed |" back of the needle 
points. The zero micrometer reading was determined by insert- 
ing a piece of mica of known thickness between the points and ad- 
vancing one of them till the mica touched both. 

Through the kindness of the Westinghouse Electric & Manufac- 
turing Company the writer measured the spark distance correspond- 
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ing to 25,000 volts mean effective pressure, which was obtained from 
an unloaded transformer and generator whose e.m.f. curve was accu- 
rately known. The ratio of mean effective pressure to maximum 
pressure of this generator was .705, which is remarkably close to 
that of a curve of sines, viz., .707. 
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Prom all of these data, it was found that the spark distances for 
35,000 volts mean effective pressure of sine curve should be 1.300". 
It then became a simple matter to correct all the measurements ob- 
tained to the basis of a curve of sines and the curves of Figs. 1 and 2 
represent said connected results. 

The curve of Fig. 3 gives the result of tests made with No. 12 
Thomas Harper's needles. The main curve going up to 50,000 volts 
was made with the use of 10" discs. The subsidiary curve was ob- 
tained from tests made without the use of discs. Below 23,000 volts 
there is apparently no difference between tests made with and with- 
out discs. The discs seem to have a tendency to make the curve 
more nearly a straight line. The utmost care was taken with this 
work, and unless the form of the apparatus and surrounding condi- 
tions have an effect upon sparking distances, the writer believes 
the results herewith given are very accurate. The relative results 
at all events should agree very closely, and if at any time it should 
be found that the correct sparking distance for 25,000 volts be 
greater or less than 1.3", the values given by this curve can be modi- 
fied to a proportionately greater or less degree. 

The curve of Fig. 4 is made on a larger scale and with assorted 
needle points, none of which were blunt. By doing this, there were 
not many tests to be eliminated. The curve is practically a straight 
line through the upper range of voltages. Mention will be made 
later of the dotted line which becomes tangent to the curve and 
passes through the origin. 

Table II gives a comparison between spark distances tests made 
with and without 10" discs. It will be noticed that the spark dis- 
tances were more uniform with the use of discs than without them. 
A great many similar tests were made, all of which confirmed this 
point. 

In most of the following tables, the measured diameter of the 
needle points is given. The points were measured by means of a 
microscope and glass grating containing 10,000 lines to the inch. 
The kind of points were classified into flat, round, and sharp, which 
are designated respectively by the letters Pj B, and S. Each point 
was measured in two directions 90 deg. apart. Under the column 
headed " Kind of Points," will be found the measured diameters 
of both needle points used in the test. It will be noticed that 
many of the points were both round and flat, depending upon the 
direction in which they were observed. The " Distance between 
Discs " is the actual distance between them when the needle points 
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were touching, and each disc was placed half this distance back of 
the points. 

Table III gives some very interesting tests made with 1000 
volts, a great variety of diameters of points being employed. With 
this voltage it is at once evident that the sharper the point the 
longer becomes the sparking distance. It will be noticed that the 
sharpest needle point gave a spark distance equal .041", while 
with electrolytically prepared points spark distances of .048" and 
.053" were observed. On one occasion the writer made points 
which appeared still sharp under a magnifying power of 600 di- 
ameters, and with these points the spark distance was .054". 

Eeferring now to Fig. 4 it will be observed that a straight line 
drawn tangent to the spark distance curve and passing through the 
origin intersects the 1000-volt line at .054". It is the writer's 
opinion that this straight line would represent the spark distance 
curve if infinitely sharp points were employed; other tests and 
curves which the writer obtained many j'ears ago all tend to con- 
firm this opinion. With polished pin heads the sparking distance 
was as low as .0035". The points of large diameters were made 
by rubbing the ends of the needles across a fine carborundum stone. 
It will moreover be noted that the sparking distance is controlled 
by the sharp point and not by the blunt one. 

Table IV gives a great variety of experiments made with about 
6200 volts. Section A of this table gives tests made with points of 
various diameters. A glance here will show at once that a maxi- 
mum spark distance is no longer produced by sharp points, but 
by points which have a diameter approximating .0014" ; this rather 
startling fact the writer discovered over 10 years ago, but did not 
then have the means of determining the diameter of the point 
which gives the maximum spark distance. The same results are 
in general true without the use of discs, but, of course, it may be 
possible that the diameter of points giving a maximum spark 
distance is different when discs are not employed. 

The writer next tried to determine whether the blunt or sharp 
point was the controlling factor in determining the sparking dis- 
tance. In doing this the astonishing fact was discovered that the 
sparking distances were always greatest when the large point was 
placed in the holder at the handle side of the apparatus when 10" 
discs were employed. When no discs were emploj-ed the exact re- 
verse of the above occurred, the spark distance being the greatest 
when the small points were at the handle side of the apparatus. 
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Section C of Table IV shows that when 4" discs were employed 
the position of the small or large point had no effect upon the 
result, the sparking distance varying with the diameter of the 
point and being practically the same as what was obtained before, 
when blunt points of the same diameters were used. The 10" 
discs were not symmetrical, having been considerably warped in 
transportation, whereas the 4" discs were very symmetrical. 
Whether this was the cause of the peculiar phenomenon or whether 
it was due to the diameter of the discs, the writer did not have 
time to discover. It will be noted in section B that when 10" 
discs were employed the sparking distance depended entirely upon 
the kind of point which was placed at the handle side of the 
apparatus, whereas, when no discs were employed, the kind of point 
at the other side of the apparatus was the controlling factor. 

Section D of this table gives tests made with different sides of 
the apparatus grounded, and the results were so uniform that for 
all practical purposes the grounding of either side of the circuit 
does not affect the sparking distance. 

Section E shows tests which were made with a view to deter- 
mining whether different diameters of discs had any effect upon the 
sparking distance. Considering that all these tests were made with 
current obtained from an ordinary lighting circuit, these results 
can be considered close enough to indicate that the size of the discs 
does not have any practical effect when 6000 volts are employed. 
This table shows us that by the use of points having a diameter 
of about .0014", the spark distance can be increased over 20 per 
cent more than what will be obtained by the use of sharp points. 
The measurement of several packages of needles shows that nearly 
every package had needles which measured as much or more than 
the above. Hence, while several tests would probably give quite 
close results, yet one or two tests cannot thoroughly be relied upon 
tx) give the correct sparking distance. 

Table V gives the result of a number of tests made with 10,100 
volts. Section A gives the tests which were made to determine 
the diameter of the point which would give the longest spark 
distance, and from careful examination it will appear that the 
maximum distance is obtained from points measuring about 
.0018". The distance does not seem always to depend upon the 
diameter of the points, because the seventh line of iigures shows 
a comparatively small distance compared with the twelfth line. 
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where the points measured about the same. In the latter case, 
ho-wever, the points were round, and this may have been the cause 
of the difference. Here the maximum sparking distance is about 
SO per cent greater than the minimum, and by making only one 
or two tests at this voltage without the use of measured points, 
an error of 10 or 20 per cent might have occurred. 

Section B shows that when a large point is used on the handle 
side and a small point on the other side, that the spark distance 
is slightly gi-eater than when the reverse is true. The difference, 
however, is not nearly so great as was the case when 6,000 volts 
were employed. 

Section C verifies the tests made at 6,000 volts, namely, that 
when 4" discs were employed, the position of the large or small 
points in the holders does not have any effect on the results. The 
sparking distances for sections B and C do not seem to be quite 
80 great for large points as was the case in section A, where both 
large points were used. 

In section D no discs were used, and when the small point was 
on the handle side of the apparatus, maximum results were ob- 
tained which corresponded quite closely to those in section A. 
When the large points were on the handle side of the apparatus, 
the sparking di'stance is considerably less, and this corresponds 
with the results obtained with 6000 volts with this exception, that 
the difference is not quite so great. 

Section E shows tests made with different sides of the circuit 
grounded, and the connection to earth does not appear to change 
the sparking distance. A close examination of section A will 
show that the sparking distances are proportionately longer for 
rounded points than for flat points of the same diameter. 

Table VI gives a number of spark distance determinations made 
with 20,000 volts. Section A of the table gives a series of tests 
to determine the effect of points of different diameters. It will at 
once become apparent that at this voltage the spark distance varies 
but little with the diameter of the points. The maximum spark 
distance was obtained with points measuring .003", and was only 
about 3 per cent greater than the spark distance with sharp 
points. 

Section B shows that when blunt and sharp points are used, the 
position of the point in the apparatus makes but little difference 
in the sparking distance. It will also be seen that at this voltage 
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the grounding of either side of the circuit does not affect tfie 
sparking distance. 

Section C shows that when no discs are employed, the sparking 
distance is slightly increased by grounding the handle side of the 
apparatus. 

The first test of section D shows that the sparking distance was 
about 0.005" greater with discs than without them. The rest of 
section D demonstrates that when 4" discs are used, and when dif- 
ferent sides of the apparatus are grounded, the spark distances are 
probably slightly greater than those made with the apparatus not 
connected to earth. The results are apparently not so regular as 
those obtained by the use of 10" discs. Experiments demon- 
strated the fact that with high voltages better results were ob- 
tained by the use of large discs. 

Table VII gives a number of tests made with 30,300 volts. In 
sections A and B will be found a comparison between spark 
distance tests made with and without the use of discs. The re- 
sults were much more uniform when discs were employed, and the 
average spark distance is about .020" greater in section D where 
no discs were used than in section A where 10" discs were 
employed. 

Section C gives the result of tests made to determine the effect 
of points of different diameters upon the sparking distance. A 
careful examination will show that there is nothing at all regular 
in this part of the table. The blunt points seem to be instru- 
mental in starting discharges which were followed by an actual 
spark. In many cases there appeared to be a kind of resonant 
action. When the heterogeneous results given in section C are 
compared with the tests of A and B, the importance of using sharp 
points becomes very apparent. Of course, in many cases when 
number 12 needles were employed, the spark distances were ab- 
normal, due either to an impulsive rise of voltage, or to the needle 
points being blunt. Such irregular results are not given. 

Table VIII gives the residt of experiments made with 40,000 
volts. In section A an attempt was made to determine the effect 
of placing the discs at different distances apart, and as mentioned 
heretofore, the distances given are those at which the discs were 
separated when the needle points were touching. The sparking 
distance seems to be slightly increased as the distance between the 
discs is increased, but the probable difference is small. 
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Section B shows that the sparking distance was about .1" 
greater when no discs were used than was the case with 10" discs 
separated by a distance of 1^/'. 

Section C shows that when blunt points are employed the spark- 
ing distances may vary through very wide limits. In both sections 
C and D the results are so irregular that no attempt at classifica- 
tion could be made. A number of other tests were made along 
this same line with similar results. 

Section E illustrates the effect of grounding either side of the 
circuit. The results here are so irregular that it is impossible to 
tell whether a ground increases or decreases the sparking distances. 
This irregularity may be partly brought about by static discharges 
in the transformer. A great deal of time was spent in making 
tests at the higher voltages, and the results obtained were often 
very confusing, but the absolute necessity of using very sharp 
points was thoroughly demonstrated. About 2,000 needles were 
used in these experiments. 

The e.m.f. wave curve of the generator furnishing current for 
these tests was probably very close to that of a curve of sines. 
On some occasions the sparking distance for 25,000 volts was 
1.300", but generally it was slightly in excess of this. 

Table IX gives a comparison between the sparking distances of 
the A. I. E. E. table, and. those of the writer. Both show an exact 
agreement at 25,000 volts; above this point the institute distances 
are greater and below the}'' are less. It is an interesting fact that 
the tables agree at 25,000 volts, which was the reference voltage 
used by the writer. The institute sparking distance table was based 
on Mr. Steinmetz's researches, and if he used large needle points in 
his investigations, his sparking distances above 25,000 volts should 
be greater than those of the writer; this may be the cause of the 
difference there, but it does not account for the shorter distances 
below 30,000 volts. At 45,000 volts the difference between the 
institute sparking distance and that of the writer is about 14 per 
cent, which means a difference of over 5,000 volts. In the case of 
voltage tests where the sparking distance is relied upon .as an indi- 
cator of the voltage, this difference might become a very serious 
matter. 

In order to prevent short-circuits when spark distance tests are 
being made, the writer designed the water resistance shown in 
Fig. 2, which is placed in series with the spark distance apparatus. 
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This apparatus was not used in these particular investigations. 
The tube is of glass, 4" diameter of hole and 20" long. It is 
filled with distilled water and has a resistance of about 25,000 
ohms when the plunger is at the top. The plunger rod can be 
clamped in any desired position by a nut operating over a split- 
taper thread. Experiments made with 25,000 volts through 16,000 
ohms resistance showed no appreciable difference in the spark dis- 
tance with and without the resistance in circuit. 

The writer believes that under the right conditions accurate 
results can be obtained with a properly designed apparatus. A 
number of the points shown on the curve of Fig. 1 were made 
months after others, and the close agreement is an indication of 
the accuracy obtainable. 

If this paper will stimulate investigations in connection with 
this very fascinating subject, the writer believes that the spark 
distance method may become as reliable as it is easy to apply. Be- 
fore this condition is reached, however, many tests will have to be 
made with widely different generating and transforming appa- 
ratus, both open-circuited and connected to cables, etc. 

These experiments show that the best results are obtained by the 
use of very sharp points; that large concave discs make the spark 
distances more uniform ; that with infinitely sharp points the spark 
distance curve up to at least 10,000 volts would probably be a 
straight line passing through the origin and having an equation. 

Spark distance in inches = .000,054 X volts. 

In conclusion, the writer wishes to acknowledge his thanks to 
Mr. Shakarian for much valuable assistance rendered in these re- 
searches. Also to the Westinghouse Electric & Mfg. Company, and 
finally to the Standard Underground Cable Company for the use 
of instruments and construction of special apparatus employed in 
the tests. 
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Increase 


Water 


Water 


of sparldng 


resistance 


resistance 


distance 


setting. 


inolims. 


multiplying 
factor. 


6 


17 


l.OOO 


10 


85 


1.000 


15 


58 


1.000 


20 


98 


1.001 


23 


118 


1.001 


24 


139 


1.002 


25 


150 


1.004 


28 


163 


i.oor 


27 


180 


1.011 


23 


195 


1.017 


29 


210 


1.025 


80 


225 


l.MO 



Table II. — Distance between Discs, 1 Inch. 



Sparking 
distance 
In inches. 


Mean 
efeective 
voltage. 


Diameter of points 
in .0001 inches. 


Dlsoi 
used. 








"A" 


1.809 


25,200 


No. 12T.H.P.B. 


10 inch. 


1.811 






10 " 


1.811 






10 " 


1.809 






10 " 


1.841 






Nona. 


1.825 






*• 


1.818 






kft 


1.821 






ftt 



Table III. — Distance between Discs, i Inch. 



Sparking 
mstance 
in inches. 


Mean 
effective 
voltage. 


Diameter points In 
.0001 inches. 


Discs 
used. 


.025 


1001 


5F.4H. 4F.6B. 


10 Inch. 


.0125 






16J6F. 15.16 P. 






.026 






4.3 E. 4.3 R. 






.012 






7.9 E. 8.8 E. 






.041 






2.2 S. 2.2 S. 






.040 






2F.2S. 2.2 S. 






.0115 






20F. 16E. 20F. 15B. 






.025 






8.8 E. 3.8 R. 






.014 






5.5 K. 6.6 E. 






.0235 






5.5 F. 6.6 F. 






.012 






60.50 F. 60.50 F. 






.006 






Fin heads. 






.084 






Pin head, 2.2 S. 






.0075 






20.20 F. 20.20 F. 






.0025 


1028 


Pin heads. 






.0515 


1000 


Very sharp points. 






.048 


it 
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Table IV. — Distance between Discs, 1 Inch. 



Sparking 

distance in 

inches. 


Mean 
effective 
voltage. 


Diameter of points in 
.0001 inches. 


Discs 
used. 






A 




.344 


6,200 


.3^F. 3— 5F. 


10 inch. 


.344 


" 


8— 7F. 8— 7F. 


' ' 


.388 


' ^ 


7— 7F. 7— 6R. 


*' 


.380 


It 


20— 20F. 20.20 F. 


*^ 


.398 


^* 


No. 12T, H. P. B. 


'^ 


.370 


n 


50.50 F. 50.50 F. 


i* 


.341 


^* 


3S. 8R. 2S. 2R. 


*' 


.422 


'* 


15.15 F. 20.20 F. 


** 


.374 


'* 


30.30 F. 25.25 F. 


" 


.381 


'* 


40.40 F. 45.45 F. 


'^ 


.369 


'* 


14.14F. 15.15R. 


" 


.3:6 


** 


5.5 R. 5.5 R. 


*i 


.413 


" 


13F. 13F. 13 13F. 


'* 


.331 


'* 


8.8 F. 8.7 F. 


** 


.408 


'* 


10.10 F. 16.10 F. 


' ' 


.393 


*' 


17,17R. 17.18R. 


h' 


.414 


*^ 


15.15R. 13.15R. 


** 


.407 


" 


10.10 F. 10.18 F. 


** 


.380 


«i 


B. 
14F. 12R. 4.3 R. 


li 


.335 


*k 


12.I4R. 5.R. 4F. 


'* 


.3.34 


^* 


15. 15 F. 4.F. 5R. 


'* 


.355 


*' 


15F. 14F. 4.4 R. 


"■ 


.334 


*' 


14.14 F. 5.4 R. 


'* 


.411 


*' 


16.17 R. 5.4 R. 


" 


.393 


*' 


16.16 R. 8.4 R. 


' ' 


.333 


*' 


1S.18R. 4.5 R. 


" 


.340 


'* 


17F. 15R. 3.4 R. 


'* 


.386 


hi 


17F. 15R. 5.5 R. 


None. 


.387 


*i 


18F. 18R. 5.5 R. 


'■'■ 


.380 


" 


18F. 18R. 5.6 R. 


*' 


.369 


*' 


18F. 17R. 5.5 R. 


*' 


.ass 


'* 


18.18 F. 5.5 R. 


" 


.872 




18.18 F. 4.4 R. 
0. 




.891 


'* 


18F. 19R. 3.3 R. 


4 inch. 


.392 


" 


17F. 18R. 3.3 R. 




.376 


6,184 


20F. 20R. 8R. 2S. 




.378 


6,196 


20.20 F. 2S. 8R. 




.381 


' ^ 


19.21 F. 2.2 R. 




.898 


6,184 


12.12 F. 2.2 F. 




.393 


6,196 


12.15 F. 2R. 2F. 




.336 


' ' 


BF. 7R. 7.7 R. 




. .337 


6,200 


D. 

2.4R. 2.4R. 


10 inch. 


.833 


* ' 


2.4 R. 3F. 2R. 


* * 


.338 


^* 


3F. 4R. 8F. 4R. 


"■ 


.8:36 


»* 


5 F. 3 R. 5 F. 8 R. 


*^ 


..335 


*' 


5 F. 4 R. 5 F. 4 R. 


'■ '■ 


.335 


** 


4R. 4F. 4R. 4F. 


None. 


.336 


" 


4 F. 5 R. 5 F. 3 R. 


" 


.338 


k» 


E. 
8F. 4R. 3F. 3R. 


4 inch. 


.336 


^' 


5.5 R. 5.5 R. 


' ' 


.342 


*' 


8.8 F. 3.8 F. 


10 inch. 


.336 


" 


3R. 3S. 2F. 2S. 





1. Large point near handle. 

2. Small point near handla. 

3. Other side groundei, 

4. Handle side grounded. 
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Table V. — Distance between Discs, 1 Inch. 



Sparking 
distance 
in inches. 


Mean 
effective 
voltage. 


Diameter of points in 
.0001 inches. 


Discs 
used. 








A. 


.R48 


10,100 


8F. 3R. SF. 3B. 


10 inch. 


.551 


" 


4F. 4R. 4F. 2R. 


'* 


S42 


it 


18.18 B. 18.18 E. 


** 


.6-.3 


** 


18.18 H. 18.18 B. 


It 


.625 


** 


28.28 F. 28.28 F. 


** 


.544 


*^ 


12.12 F. 11.11 F. 


tt 


.561 


ii 


15.15 F. 14.14 F. 


** 


.539 


'* 


No. 12 T.H.P.B. 


it 


.540 


*^ 


'^ 


" 


.630 


** 


22 22 F. 22.22 F. 


'* 


.6 8 


It 


17.17 F. 17.17 F. 


** 


.689 


** 


15.15 R. 15.15 E. 
30 30 F. 30.30 F. 


*' 


.603 


li 


It 


.617 


*» 


14.14 R. 13.13 B. 


'* 


.610 


** 


10.10 R. 10.10 B. 


*' 


.547 


it 


4.5 R. 4.5 R. 


B. 


.631 


** 


17.17 F. 8 5R. 


10 inch. 


.ero 


** 


.<i4R. 17.17 F. 


'■ ' 


.626 


ti 


25,23 F. 4 5F. 


n 


.618 




25.25 F. 5 5 F. 


C. 


.000 


ii 


22 22 F. 6 F. 5 R. 


4 inch. 


.604 


** 


22.22 F. 6 F. 5 R. 


" 


.620 


*( 


18.18 F. 4.8 B. 


*' 


.619 




18.18 F. 5F. 2B. 


D. 


.629 


it 


20.20 F. 4.5 F. 


None. 


.653 


*i 


20.20 F. 5.3 F. 


•■' 


.652 


t* 


20.20 F. 3.3 B. 


*' 


.644 




20.20 F. 3.3 B., 


B. 


.548 


4i 


No. 12 T.H.P.B. 


4 Inch. 


.548 


bi 







- 1 , Large point on handle side. 
Z. Small point on handle side. 

3. Handle side grounded. 

4. Other side grouitd«d. 
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Table VI. — Distance between Discs, 1 Inch. 



Sparking 
distance 


Mean 
effective 


Diameter of points in 
■ .0001 inches. 


Discs 
used. 


in inches. 


voltage. 












A. 


J. 047 


20,200 


8.3 R. 3.4 R. 


10 inch. 


1.044 




6F. 7R. 7F. 6E. 


'* 


1.048 


** 


16F. 18R. 16.16 R. 


*' 


i.ors 


** 


30.29 F. 30.29 F. 


tt 


1.067 


*' 


24.26 F. 24.26 F. 


** 


1.05", 


i4 


22.23 E. 23.23 R. 


tt 


1.053 


" 


22.22 F. 22.22 F. 


'4 


1.061 


it 


20.22 F. 20.20 R. 


tt 


1.059 


** 


36.35 F. 33.33 F. 


*' 


1.051 


tt 


29.30 F. 29.30 F. 


tt 
B. 


1.053 


»» 


4.6 F. 26.25 F. 


10 inch. 


1.039 


i« 


4F. 5R. 26,25 F. 


*' 


1.045 


it 


4.4 R. 5.5 R. 


** 


1.048 


*• 


6F. 4R. 6F.7R. 


C. 


1.047 


(( 


No. 12 T.H.B.P. 


10 inch. 


1.052 


'* 




None. 


1.071 


** 




** 


1.081 


** 




n 


1.054 


It 




'* 


1.060 








1.053 


it 


No. 12 T.H.P.B. 


None. 


1.048 


tt 




4 inch. 


1.060 


'* 




** 


1.055 


tt 




'* 


1.0S6 


tt 




ii 


1.047 


** 




" 


1.080 


tt 




ti 


1.048 


" 




" 



1. Large point near handle. 

2. Small point near handle, 

3. Handle side grounded. 

4. Other side grounded. 

5. No grounding. 



Table VII. — Distance between Discs^ 1 Inch. 



Rparlcing 

distance 

in inches. 


Stean 
effective 
voltage. 


Diameter of points 
in .0001 inches. 


Discs 
used. 








A. 


1.585 


80,200 


No. 12 T.H.P.B. 


10 inch. 


1.580 


u 


" 


10 " 


1.583 


ii 


tt 


10 " 


1.B80 


tt 


tt 


10 " 
B. 


1.B91 


tt 


tt 


None. 


1.602 


tt 


tt 


tt 


1.607 


tt 


tt 


tt 


1.599 


tt 


tt 


tt 


1.601 


tt 


t^ 


tt 


1.608 


tt 


8 R. 2 S. 2 2 S. 


C. 


1.91S 


tt 


27.27 F. 27.26 F. 


10 inch. 


2.000 


tt 


35.34 F. 35.38 F. 


10 " 


2.093 


tt 


28.28 F. 28.28 F. 


10 " 


2.145 


tt 


20.20 F. 21.20 F. 


10 " 


2.193 


tt 


19.20 F. 20.28 F. 


10 " 


2.29U 


'* 


17.17 F. 18.16 F. 


10 " 


2.170 


tt 


23.25 F. 23.25 R. 


10 " 


3.336 


tt 


16.30 R. 15.15 R. 


10 " 


2.401 


it 


23.34 F. 23.21 F. 


4 " 


2.303 


tt 


18 F. 18 R, 13 F. 13 R. 


None. 


2.320 


*' 


17.17 F. 19.17 F. 




2.530 


tt 


26.27 F. 26.37 F. 


tt 
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Sparking 
distance 
in inches. 


Diameter of points in 
.0001 inches. 


Discs 
used. 


Distance 

between 

discs. 


2131 ■ 
3125 
3150 
3 US 
2 120 
2.131 

2.211 
2.241 
2.226 

3.105 
3.100 
3il69 
2.985 

3.083 
3.972 

2.0.96 
3.00S 
2.1IT 
2.159 


4.6 F. 4,6 F. 
No. 13 T.H.P.B. 

5 F. 2 S. 2 F. 2 S. 
3.8 R. 3,3 R. 
3.3 R. 4.3 E. 

No. 12 T.H.P.B. 

17.18 F. 17.18 F. 
2-3.25 F. 25.37 F. 

17.18 F. 17.18 F. 
17.17 F. 17.17 F. 

23.25 F. 5.8 R. 

19.19 F. 3.4 F. 

7F.6E 7F.6R. 
6F. 7R. 6F. 7R. 

5.7 R. 5.6 E. 
4.5 R. 5.6 E. 


A. 
10 inch. 
10 " 
10 " 
10 " 
10 " 
10 " 

B. 

None. 

C. 

None. 

10 inch. 
None. 

D. 
10 inch. 
10" 

10 inch. 

10 " 
H " 
10 " 


1J4 inches. 

3 

3 

3 

l^ :: 

3 " 
2 

a " 

2 

2 " 

2 

2 



1. Large point near handle. 
S. Small point near handle. 

3. Handle aide grounded. 

4. Other side grounded. 



TABLE IX. 



Volts. 


Spaekdig Distances, in Inches. 


A. I. E. E. 


Fisher's. 


Discs. 


No discs. 


10,000 
20,000 
25,000 
30,000 
40,000 
45,000 
60,000 


.470 

i.rao 

1.300 
1.635 
2.450 
2.950 
3.550 


.540 
1.040 
1.300 
1.580 
2.140 
3.440 
2.770 


i!3i4 
1.600 
2.220 
2.580 



Discussion. 

Dr. Lotus Bell: The topic of Mr. Fisher's paper is one that is most 
[jertinent in high-voltage work, inasmuch as at the pressures now used 
the ordinary instrumental methods are subject to considerable errors, and 
are rather difficult to apply; so that there are many cases of high-pressure 
transmission work where the power of quantitatively using this spark- 
iiig-distance method would be very valuable. The interesting feature of 
the paper seems to me to be the tendency of these points to accumulate in 
7 
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a straight line. The straight line relation is just what v,'e want if it 
will kindly hold through over a wide range of voltages. 

Mr. 0. E. Skinheb: A few years ago the American Institute of Elec- 
trical Engineers adopted as a standard for high-voltage measurements the 
striking distances between needle points, for e.m.f.s up to 150,000 volts, 
also specifying a definite method of procedure in making insulation tests, 
using this method for determining the voltage of test. In the use of 
this method it was found that the sparking distances varied for condi- 
tions which, as far as could be determined, were exactly the same, 
these variations being as much as lOj^ or even more. Consequently, the 
tests were not reliable, and when very high voltages were used, this amount 
of variation might lead to considerable trouble. It is only through such 
careful methods as those described by Mr. Fisher and by the use of some 
of the devices he has described, that any reliability is assured In the 
use of a spark-gap for measuring the voltage of a testing circuit. The 
speaker has known something of Mr. Fisher's work during its progress, 
and wishes to express his appreciation of the painstaking care which 
j\Ir. Fisher has exercised in the carrying out of this work. It is no easy 
thing to secure needles that are still sharp under a, magnification of 
600 diameters, to line them up, and to measure the distances between their 
points, but Mr. Fisher's results show that he has successfully accomplished 
this work. Another difficulty encountered in the use of spark-gaps for 
insulation testing purposes, was the rush of current and consequent rise 
of potential on the outer turns of the testing transformer and in some 
cases on the turns of the apparatus tested. The use of a resistance in 
series with the spark-gap obviates this difficulty, and it is very gratifying 
to know from Mr. Fisher's work that the use of such a resistance is- 
allowable. 

Dr. Bell: I would like to ask Mr. Fisher two things with respect 
to the curves given. First, using the regular commercial needle of such 
type as he gave there, what is the error introduced into the curve? 
What percentage of error is introduced by the use of a supply of com- 
mercialiy sharp needles rather than by those which are carefully sharpened 
for the purpose in making tests? And, second, whether he detected any 
error due to condenser action on the discs as a possible disturbing cause 
in the sparking distances? At the high voltages I particularly noted that 
the difference between sharp and blunt points seemed to disappear or 
reverse or change in various ways, and it at once occurred that with 
these large discs at thirty, forty, fifty, sixty thousand volts, the condenser 
action might cut a very considerable figure in modifying the conditions of 
strain or even the effective voltage at the discharge points. 

Mr. FiSHEE: Answering Doctor Bell's first question I will say that 
the error introduced by this kind of points varies with different voltages. 
If you are making tests at about 1000 volts, the error may be very great 
indeed, because it is possible to have needle points, taken from an ordi- 
nary pack of needles, which will give spark distances varying from .01-2 
inch to .040 inch. With 10,000 volts, the points can vary from .000,2 inch 
to .000,8 inch without effecting the sparking distance to any appreciable 
degree; above .000,8 inch the sparking distance increases until a maximum 
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is reached near .002 inch. Now there seems to be a kind of law which ia 
true in most instances and which may be stated as follows: Given two 
kind of points, a spark distance will correspond to that point which when 
tested with a similar point gives the maximum spark distance. To 
illustrate, at 1000 volts, a maximum spark length is produced with sharp 
points. If a test is made with one sharp point and one blunt point, the 
spark length will correspond to that obtained with sharp point. While 
with 10,000 volts a maximum sparking distance is obtained with points 
about .002 inch in diameter, and if a sharp point is used with another 
point measuring about .002 inch in diameter, the spark length will cor- 
respond to that of the blunt point which in this case gives a maximum 
distance. On account of this fact and because a pack of needles may 
contain both sharp and dull points, one spark length test can not be 
relied upon where accuracy is desired. But as I said before if you will 
examine the brush discharge at the points and get familiar with its ap- 
pearance under normal conditions, you can at once tell, at the time of 
the discharge, whether the condition is regular or abnormal. If it is 
a regular condition, as you advance the needle points you will get a 
gradually increasing brush which, near the normal sparking distance, 
becomes much more pronounced, and under normal conditions, by observing 
said brush discharge, it is possible to tell when the spark will occur within 
a few thousandths of an inch, with pressures above 6,000 volts. Now, if 
you happen to have a dull point, which will give a longer sparking 
distance than is obtained with sharp points, you will not get the normal 
brush discharge, a spark occurring before the points are close enough to 
produce the normal effect. In like manner by observing the brush dis- 
charges, you can tell if the spark is produced by an impulsive rise of 
voltage due to resonance, etc. As stated in the paper it is possible to get 
large errors when the points are not measured. But if you make several 
tests and you eliminate the erratic ones good results can be obtained. 

Dr. Bell: Take a paper of No. 12 sharp needles and use them, we will 
say, for experiment, at 10,000 volts and upwards; how large an average 
deviation would you get from your curve as you substitute one of these 
needles from the same paper for another? In general, how large an error 
are you likely to introduce, if you work with your standard commercial 
needles without calibrating their points? 

Mr. FiSHEB: I will speak of 25,000 volts first because this was the 
reference voltage and there were tests made every time at this voltage. 
At 25,000 volts we found that the distances should agree within 3 or 4 
thousandths of an inch when the operating conditions were normal, and that 
is practically true also at 10,000 volts. But as I said in making these 
tests, you may get abnormal spark distances due to the points not being 
sharp or to causes connected with the operation of the generator. 

Dr. Bell: You are answering the theoretical part of the question most 
efficiently; but what I am trying to get at is this; If I take a paper 
of needles, lining them up carefully and going to work, we will say, at 
twenty or twenty-five thousand volts, and so on, up to forty or fifty or sixty 
thousand volts, how great casual errors am I likely to introduce — how 
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much departure from your curve — by the different sharpness of the 
needles as they commercially exist, as you take them out of the paper! 

Mr. Fisher: I might say offhand that in two or three tests you are 
not apt to get much more variation than 2 or 3^ and often the agreement 
is very much closer than this. 

Dr. Bell: That is very satisfactory. Could you trace any effect of the 
condenser action of these guard plates, when it came to those higher 
voltages 1 

Mr. Fisheb: Only in this way, that the sparking distance is less when 
the guard plates are used for voltages above 23,000 volts; but if the 
plates are set within one-fourth of an inch of the same distance back 
of the needle points every time, the results are consistent, and agree 
better with plates, than without them. 

Chairman Scott: In electrical work we have been restricted "to the 
use of a few definite materials. The three general classes are iron, 
copper and insulation. There is nothing which can take the place of iron; 
there has, until recently, been nothing which takes the place of copper, 
but aluminum has been a formidable rival of copper in transmission work 
during the last few years. Copper has had many years of evolution. The 
ways of drawing the wire, its physical characteristics, adapting it both 
electrically and mechanically to its purposes, have been worked out by 
years of experience. Aluminum has come into the field within a few 
years, and it is quite an important matter to have its physical character- 
istics and mechanical constants. These are being developed by experience 
and each year brings to us new data. 



THE USE OF ALIJMINUM AS AN ELECTEICAL 
CONDUCTOR. 



BY H. W. BUCK. 



About the year 1898, the price of aluminum had been so reduced 
by the commercial application of the Hall process, that this metal 
began to come into prominence as a competitor of copper for use 
as an electrical conductor. In physical characteristics, aluminum 
differs materially from copper. Its properties give it some advan- 
tages, and some disadvantages. Some of its physical constants as 
it is novr manufactured commercially for electrical purposes are as 
follows: Melting point, 1157 deg. Fahr.; elastic limit, 14,000 lbs., 
per sq. in. ; ultimate strength, 26,000 lbs. per sq. in. ; modulus of 
elasticity, 9,000,000; electrical conductivity, 62 per cent; specific 
gTavity, 2.68; co-efScient of linear expansion, .000,012,8. 

On account of its properties, aluminum is not applicable to all 
the purposes for which copper is used electrically. At present its 
electrical utility is confined to (a) bus-bars, (b) high-tension over- 
head uninsulated conductors, (c) low-voltage feeders, usually in- 
aiilated with weatherproof braid only. 

Aluminum is barred from use in a number of cases on account 
of the practical impossibility of applying the ordinary methods of 
soldering. Its surface seems to have a coating of oxide on it at all 
times, which prevents the adhesion of the soldering metal. 

At the present relative cost of the two metals, aluminum is about 
10 per cent, or 15 per cent, cheaper than copper of the same resist- 
ance. The weight of a unit length of aluminum wire is only 47 
per cent of a copper wire of the same length and resistance. Con- 
sequently aluminum can cost — = 2.13 times as much as copper 

per pound and still cost the same as copper per unit length from 
the standpoint of electrical resistance. As a matter of fact, how- 
ever, the price of aluminum at present is less than 2.13 times that 
of copper per pound, so that it is actually cheaper to use aluminum 
as an electrical conductor than copper, where other considerations 
do not enter. 
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Use for Insulated Gable. 

For all forms of wire and cable which have to be insulated with 
expensiTe materials, such as rubber, aluminum is at a decided dis- 
advantage. Its lower conductivity necessitates a greater diameter 
than a copper conductor of the same resistance, and the extra cost 
of insulation required to cover the aluminum prevents it from com- 
peting with copper for this particular purpose on the basis of the 
present relative costs of the two metals. 

Interior Wiring. 

The difficulty in soldering aluminum wire conveniently, and the 
greater cost of covering it with insulation, renders its use for 
interior wiring practically out of the question. 

Telephone Wires. 

The high co-efficient of expansion of aluminum wire, and its 
comparatively low tensile strength, causes a greater sag at high 
temperatures than with copper in overhead line work. In tele- 
phone construction, where the wires, by necessity, are strung close 
together on the crossarms, this greater sag of aluminum would 
probably result in contact between wires at the deflections which 
would occur at summer temperatures. For this reason, together 
with the soldering difficulty, where lateral connections are made, 
aluminum is practically shut out of competition with copper for 
this particular use. There is also some objection to tlie use of 
aluminum wire as small as that required for telephone purposes, 
on account of the necessity of stranding it. There is no reason, 
however, why aluminum should not be used as a conductor for 
isolated aerial telephone lines, if a large enough wire can be used. 
In cases known to the writer where it has been used for such tele- 
phone circuits, it seems to have operated as a particularly good 
carrier of the voice. This may possibly be due to the particular 
balance which exists in an aluminum wire between resistance, in- 
ductance and capacity, aluminum having somewhat less self-induc- 
tion, and more capacity, than a copper wire of the same resistance. 

Bus-Bars. 

Aluminum is particularly well suited for bus-bar constructions. 
Here no insulation is usually required over the bus-bar metal, while 
the great saving in weight, and the lower cost, are decided advan- 
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tages in favor of aluminum. Care should be taken, however, in 
using aluminum for such purposes, to provide for expansion and 
contraction with changes in temperature, which is greater in alumi- 
num than in copper. The increased section of an aluminum bar 
over a copper bar of the same resistance, afEords greater radiating 
surface and allows a given current to be carried with a lower rise 
in temperature. Consequently, for a given temperature rise, 
wliich is usually the limitation in a bus-bar installation, and not 
■" drop," an aluminum bar will weigh only about 38 per cent of 
a copper bar for the same heating. This is an obvious advantage 
for aluminum. Such bars are being used extensively for carrying 
currents of very large volume, such as are required in low-voltage 
electrolytic plants. 

Loiv-Voltage Feeders. 

A very wide application of aluminum has developed for low- 
voltage direct-current feeders, especially for railway work. Sizes 
up to 2,000,000 cm are in use for railway feeders, the cables being 
usually covered with weatherproof braid. Aluminum has many 
especial advantages for this purpose. The quality of the poles 
a,nd crossarms frequently installed for the support of railway 
feeders is not of the best, and the 53 per cent reduction in weight 
in the use of aluminum saves in maintenance and in line break- 
downs. The cost again enters as a 10 per cent or 15 per cent 
advantage. Furthermore, the increased radiating surface of the 
aluminum feeder allows a greater overload to be carried by it than 
with copper, without melting out the compound of the weather- 
proof braid, which happens so frequently in copper feeders from 
overheating, when cars become bunched on the line. 

High-Voltage Overhead Lines. 

The most prominent use of aluminum, electrically, and the one 
over which there has been the greatest amount of discussion, is that 
for overhead high-voltage transmission circuits. When aluminum 
was first introduced for overhead conductors, it was furnished in 
the solid form. Considerable trouble was experienced with this 
kind of wire from breakage resulting from flaws in the metal, and 
from " crystallizing " of the wire from swaying in the wind. About 
the year 1900, the stranded form was substituted for even the 
smallest sizes (No. 4 B. & S.), and the original trouble from break- 
age has been entirely eliminated. 
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The writer has communicated with most of the principal users of 
aluminum wire in this country, in order to establish, by the expres- 
sion of opinion of prominent engineers, the position of aluminum 
as an overhead conductor in comparison with copper. The replies 
to these inquiries have brought out the following points : 

1). That the experimental stage in the manufacture of alumi- 
num wire has passed, and that the product, as now furnished by 
its manufacturers, is entirely reliable, and up to the guarantees 
made for it. 

2). That there is no appreciable disintegration of aluminum 
wire from ordinary atmospheric conditions. Certain special cases 
have been reported of corrosion, all of them affecting short lengths 
of wire only. One where wires were subjected to chemical fumes 
from factories, and others where the wire was exposed continuously 
to salt fog on the Pacific coast. It is probable that any metal would 
have been affected by this action. Under usual conditions, however, 
even on the sea-coast, aluminum is a durable metal. Weather- 
proof insulation serves as an effective protection against corrosive 
influences, when not accompanied by continuous moisture which 
will keep the weather-proof braid saturated. The Niagara Falls 
Power Company has successfully protected its aluminum line with 
weather-proof braid where it passes through the chemical-factory 
district. On the sea-coast, where the atmosphere is damp, 
aluminum should not have weather-proof covering, for the above 
reason. The metal will protect itself by thin impervious coating 
of oxide, which is better than any artificial covering. 

3). That no trouble is being experienced with the stranded 
aluminum wire in breaking from flaws, " crystallizing," etc. 

4). That aluminum wire gathers much less sleet than copper. 
This is perhaps due to the grease which is absorbed in the aluminum 
due to its porous qualities, in the process of wire drawing or from 
some other physical condition of its surface. 

5). That it costs less to string aluminum wire on account of its 
lighter weight. 

6). That care must be taken in stringing aluminum wire in 
rough country on account of its softness; stones or rough places 
on the ground causing considerable abrasion, where the wire is 
dragged along the ground. 

7). That the mechanical and splice joints as now used on alu- 
minum wire are entirely satisfactory without the use of solder. 

8). Care should be taken in the design of an aluminum pole 
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line to place the wires as far apart as possible, in order to avoid 
trouble from burning-of? of the wire in ease of a short circuit. 
The melting point of aluminum is much lower than that of copper, 
and the damage from a prolonged arc is therefore greater. If 
the wires are placed sufficiently far apart, any arc which may be 
formed will be so unstable that it will travel rapidly with the 
wind, or by magnetic repulsion, and will not stay long enough 
in any one spot to cause any appreciable burning. 

The fundamental consideration which enters into the use of 
aluminum for overhead line work is that of wind pressure, and 
especially so in modem long-span construction problems. In order 
to obtain some direct observations of wind pressure on stranded 
cables, the writer has been carrying on some observations upon 
an experimental 950-ft. span constructed for the purpose at 
Niagara Falls. The strong winds at Niagara have the convenient 
property of always blowing from the exact southwest. This ex- 
perimental span was therefore erected to run southeast and north- 
west so that the strong winds would blow directly at right angles 
to the cable in the span. The supports of the span were 45 ft. 
in height and placed 950 ft. apart. At the center of the span 
a platform was erected at such a height that the cable would be 
accessible at the exact center. A government standard ane- 
mometer was set up on this platform, having its contacts arranged 
to indicate the time for every one-quarter mile traversed by the 
wind. A wind vane was also erected on the platform to indicate 
the exact direction of the wind. Dynamometers were arranged 
on the platform to indicate the wind-pull on the cable. On the 
floor of the platform, which was within a few inches below the 
(«nter of the suspended cable, was carefully marked the exact 
center of the span, and the spot over which the exact center of the 
cable hung when the cable was not subjected to any wind pressure. 
When the wind blew directly across the line, a dynamometer was 
attached to the exact center of the cable, and the cable drawn back, 
from its wind-deflected position to the center spot on the platform 
described above. The pull in pounds on this dynamometer was 
then observed with the cable at its central position, and the wind 
velocity observed at the same time. The pull at the center then, 
as indicated by the dynamometer, represented one-half the total 
side pressure due to wind on the cable, the other half of the side 
thrust being divided equally between the two end supports. This 
dynamometer reading, therefore, multiplied by two, and divided 
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by the projected area of the cable in square feet, gave directly 
the wind pressure per square foot on the cable. Fig. 1 shows the 
results of these observations to date. The highest wind velocity 
experienced so far has been 40 miles per hour indicated (33% 
miles per hour actual). The curve drawn represents about the 
average of all the observations and it is expressed by the formula 

P = .0025 y2 
where P = pressure per square foot of projected cable area, and 
F = actual velocity of wind (not indicated velocity) in miles per 
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hour. The reason for variance in the observations is due to the 
fact that the wind-pull on the wire observed was proportional to 
the average wind velocity throughout the whole span, whereas the 
wind velocity observed by the anemometer, in connection with the 
pull, was merely that at the center of the span. The average of 
the observations, however, is believed to be close to the correct 
figure. The observations will be continued during the coming 
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winter, and it is hoped that the curve can be extended by some 
records at higher wind velocities. 

The equation P = .002 V^ has been established by some other 
experimenters on wind pressures for cylindrical surfaces. The 
fact that the constant in the writer's observations has been higher 
than this is believed to be due to the fact that a stranded cable 
offers greater resistance to the wind than a pure cylinder of the 
same diameter. 

In the curves and tables given in this paper showing the rela- 
tion between span-length, deflection, temperature, etc., the equa- 
tion P = 0.0035 V^ is taken as a basis for wind pressure. 

Having determined the value of wind pressure for a given velocity, 
it is next of equal importance to determine the maximum velocity 
to which a transmission line is likely to be exposed. A study of 
the records of the United States Weather Bureau brings out the 
following points: 

1). The wind velocities reported by the United States weather 
stations are indicated velocities, not actual velocities, the correc- 
tion factors being shown in the following table: 

Indicated velocity, Actual velocity, 

miles per hour. miles per hour. 



10 9.6 

20 17.8 

30 25.7 

40 33.3 

50 40.8 

60 48 . 

70 55.2 

80 62.3 

90 69.3 

100 76.3 

2). Maximum wind velocities do not occur at very low tempera- 
tures. 

3). The highest regular winds occur on the actual sea-coast, 
the exception being tornadoes of very narrow path, which usually 
occur inland and which blow at unknown velocities, probably 300 
miles per hour, or more. 

4). With the exception of tornadoes, and gales which blow on 
the tops of high peaks, Point Keyes, Calif., and other places which 
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might be considered as freak localities, the highest winds recorded 
do not exceed 100 miles per hour indicated, or about 76 miles 
per hour actual velocity. Winds of even this velocity occur only 
on the sea-coast and are seldom, if ever, experienced inland. The 
following figures show the highest winds on record for the past 
ten years at some of the cities in this country (tornadoes excepted, 
which are not on record) : 

Wind velocity, Wind velocity, 
indicated, actual, 

Place. miles per hour, miles per hour. 

Bismark, N. D 72 56.6 

Eastport, Me 78 60.8 

Buffalo, N. Y 00 69.3 

New York City 78 60.8 

Galveston, Tex ' 84 65 

Savannah, Ga 76 59.4 

Salt Lake City 60 48 



None of the above winds blew at very low temperatures. 

5). The records of the Weather Bureau are all taken at high 
points, such as at the tops of high buildings, etc., which are 100 
feet or more above the ground. The wind velocity decreas^es 
rapidly as the ground level is approached, and at the level of an 
ordinary transmission line, the velocity is about 30 per cent less 
than at a point 100 feet or more above the ground. 

Assuming then that 100-miles-per-hour indicated velocity is the 
maximum likely to be experienced at the elevation of a weather 
station, this would be only 76-miles-per-hour actual velocity, and 
30 per cent less for the level of a transmission line, or about 55 
miles per hour actual. According to probabilities, even this would 
not occur at minimum temperatures. 

In the curves which are given in this paper, 65 miles per hour 
actual velocity at minimum temperature* is taken as a basis for 
maximum wind-pressure, and it is believed that this is high enough 
to meet any probable wind stress except that due to a tornado. 
The speed of 65 miles per hour at minimum temperature corre- 
sponds to about 80 miles at maximum temperature in the stress 
which it produces on a wire. In regard to tornadoes, their veloo- 
ity is so high that it is commercially impossible to build all lines 
strong enough to withstand them. It must be remembered that 
even if the wind should exceed the velocity assumed in this papet 
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as a safe commercial maximum, the worst that could happen would 
be a stretching of the wire up to a new deflection corresponding 
to the higher wind-tension. The reduction in area of the wire 
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would be only a small fraction of one per cent, and the slack 
could be taken up in a few hours' work after the wind had passed. 
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Figs. 2, 3 and 4 show the comparative deflections between alu- 
minum and copper for various sizes of conductor, for span-lengths 
from 200 ft. to 1,000 ft. The deflection shown is that which 
would result at 150 deg. F. above the minimum temperature with- 
out wind, if the line was strung so that at minimum temperature, 
and 65-miles-per-hour actual wind velocity directly at right angles 
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to the line, the wires would be stressed to their elastic limit, 
following data are assumed in all the calculations: 



The 



Elastic limit per sq. inch 

Coefficient of expansion per deg. 

Modulus of elasticity 

Temperature range 

"Wind velocity at min. temp., per hr. 
Wind pressure per square foot 



Aluminum. 

14,000 lbs. 

0.000,012,8 

9,000,000 

150° F. 

65 miles 

10.5 lbs. 



Copper. 

40,000 lbs. 

0.000,009,ft 

16,000,000 

150° F. 

65 miles 

10.5 lbs. 



It will be noticed from the curves that the deflection is larger 
with small wires than with large ones. This results from the fact 
that the strength to resist wind pressure increases in proportion 
to the square of the diameter of the wire; whereas the wind pres- 
sure increases only directly as the diameter. Fig. 5 shows the 
deflections which would exist if there were no wind stresses. 



BUCK: ALUMINUM AS A CONDUCTOR. 



Ill 



Aluminum in this case closely approaches copper in deflection. 
This curve in comparison with curves 2, 3 and 4 illustrates the 
importance of taking wind pressure into consideration in all cal- 
culations for long-span constructions. 

This question of deflection at maximum temperature without 
wind is of vital importance for it determines the height of the 
supports necessary to keep the conductor at a safe distance from 
the ground under extreme temperature conditions. This height 
of Btipport establishes to a considerable extent the cost of the 
transmission line, and it is an especially important matter in long- 
span constructions. 

An inspection of the curves shows that aluminum is at a dis- 
advantage compared with copper in this matter of deflection where 
long spans are considered. For example, supports for 400-foot 
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spans of aluminum of 265,000 cm section will have to be 3.4 ft. 
higher than the supports for equivalent copper. For spans of 300 
feet or less the matter of deflection is unimportant, for it makes 
little difference whether the deflection is two feet or three feet, more 
or less. But in very long spans where the difference may be 20 feet 
in the case of copper and 30 feet in aluminum, the question of de- 
flection is of considerable moment, and the advantages are in favor 
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of copper. The height, therefore, of a support for a long-span line 
of aluminum would have to be greater than for a copper line. Its 
strength, however, need not be so great as would be required for 
the support of a copper span. The weight of the aluminum wire 
is only 47 per cent of the copper span of the same resistance, and, 
furthermore, the tension in the aluminum cables will be from 
one-half to one-third those of the copper ones, depending upon 
the temperature. Where there are bends in a line, and when each 
pole is designed to withstand unbalanced strains due to the break- 
ing of one or more wires, the lesser weight and tension on the alu- 
minum cables is a decided advantage which offsets, in a measure, 
the increased height required for the aluminum supports. 

Ko account of the extra weight, due to the formation of sleet 
on the wire, is taken in the calculations in this paper, for it does 
not seem to be the experience of most engineers that sleet forms 
on high-voltage wires. This is, perhaps, due to the electro-static 
repulsion of the particles of water from the wires, which prevents 
their forming into sleet, or else a sufficient rise in temperature 
exists in the wire due to current to prevent freezing. Sleet would 
certainly not stay on a wire during a high wind. 

Table I gives the resistance and other properties of pure alu- 
minum cable as now manufactured in sizes from No. 4 B & S 
up to 1,000,000 CM. 

Table II gives the resistance and other properties of aluminum 
cable in sizes equivalent in resistance to standard sizes of copper 
from No. 6 B & S to 1,000,000 CM. 

Table III gives the deflections which would occur at various 
temperatures without wind in three sizes of aluminum cable for 
various span lengths up to 1000 feet, the cable being stretched 
so that it reaches its elastic limit at minimum temperature with 
the wind blowing at 65 miles per hour actual velocity. The other 
constants are taken the same as in curves 2, 3, 4 and 5. 

Table IV shows deflections at various temperatures and span 
lengths without wind for No. 2 B & S aluminum, the wire being 
stretched to its elastic limit at minimum temperature, with the 
wind blowing 65 miles per hour actual velocity. It is safe to 
follow this table for all sizes of cable, for the larger sizes will 
have slightly smaller deflections without exceeding their elastic 
limit on account of their greater relative strength. 
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Alumiimin is a highly electropositive metal. Consequently 
great care should be taken where contact is made with other metals 
to keep the joint free from moisture, otherwise galvanic action 
will be set up which will rapidly destroy the aluminum. 

The fact that aluminum is one of the principal constituents of 
the earth's crust leads one to believe that some day its cost will 
bo very low. If that condition ever arrives aluminum will prob- 
ably become the principal metal for the conduction of electric 
current. 



TABLE I.— Dimensions and Bksistances of Aluminum Cable. Kesistance at 
75° F. Kesistance Peb Mil-Foot, 63 Feb Cent Conductivity = 16.949 Ohms. 
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a 


<! 


FM 


fk 


fL, 


O 


O 


w 


1,000,000 CM 


1.15 


.7870 


920 


4,858 


1.087 


.01695 


.08950 


10,995 


20.420 


9V),000CM 


1.12 


.7470 


874 


4,617 


1.144 


.01784 


.09420 


10,440 


19.400 


900,000 CM 


1.09 


.7075 


828 


4,374 


1.208 


.01883 


.09942 


9,900 


18,380 


850,000 CM 


l.OB 


.66f-'0 


782 


4, 131 


1.279 


.01994 


.10529 


9,350 


17,360 


«00,000CM 


1.03 


.6-90 


736 


8,888 


1.359 


.02119 


.11188 


8,800 


16,340 


750,000 CM 


l.CO 


.5890 


690 


8,645 


1.449 


.02260 


.11933 


8,230 


15,320 


7(10,000 CM 


.96 


.5500 


644 


3,402 


1.553 


.02421 


.12782 


7,700 


14,800 


650,000 CM 


.93 


.5120 


598 


3,159 


1.672 


.02608 


.13770 


7,150 


13,270 


600.000 CM 


.89 


.4720 


552 


2,916 


1.812 


.02825 


.14917 


6,600 


12,250 


550,000 CM 


.85 


.4330 


506 


2.673 


1.977 


.03082 


.16275 


6.050 


11,230 


500.000 CM 


.81 


.3930 


460 • 


2,430 


2.041 


.03;«o. 


.17900 


5, .500 


10, 210 


450,000 CM 


.77 


,3.540 


414 


2,187 


2.415 


.03766 


.19884 


4,950 


9,190 


400,000 CM 


.73 


,3141 


368 


1,944 


2,718 


.04237 


.22370 


4,400 


8,170 


aTC,OO0CM 


.68 


.2750 


822 


1,701 


3.106 


.04843 


.25570 


3,a50 


7,150 


300,000 CM 


.63 


.2360 


276 


1,458 


3.623 


.0.i652 


.29830 


3,300 


6,130 


250,000 CM 


..58 


.1965 


280 


1,215 


4.348 


.06780 


.35800 


2,750 


5,110 


OOOOB&S... 


.54 


.1661 


194.7 


1,028 


5.733 


.08010 


.42290 


2,330 


4,320 


OOOB&S... 


.47 


.1317 


1.54.4 


816 


6.477 


.10100 


.53315 


1,850 


3,430 


OOB&S... 


.42 


.1045 


122.4 


647 


8.165 


.12740 


.67270 


1,460 


2,720 


OB&S... 


.37 


.0829 


97.1 


513 


10.300 


.16050 


.84740 


960 


2,150 


IB&S... 


.33 


.0&57 


77.0 


407 


12.990 


.20250 


1.0692 


920 


1,710 


2B&S... 


.30 


.0521 


61.0 


323 


16.400 


.25540 


1.3486 


730 


1,355 


3B&S... 


.26 


.0413 


48.5 


256 


20,620 


.32200 


1.7008 


579 


1,075 


4B&S... 


.23 


.0327 


38.5 


203 


25.970 


.40600 


2.1438 


450 


852 



Elastic limit=14,000 lbs. per square ineh. 
Ultimate gtreug tti^^6,000 lbs. per g(iuare iucli. 
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TABLE II.— Dimensions and Ebsistanobs op Alitminum Stbanded Cables Eqihta 
LENT in Resistances to Standard Sizes Copper. Resistance at 76° P. 
Resistance Per Mil-poot, 62 Conductivity at 75° F. = 16.949 Ohms. 



SIZE 


^5 

a 




h 

1.9 


1. 
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§a 

a 


S 

Sa 

r 


•a 

a 

§a 

ft3 


a 

§3 


1 

•S.S 


COPPER. 




03 

is 

< 


S3 

l< 

.a 

o 


3 

O 




1^ 

1 


«a 

^3 

r 


1,000,000 CM. . 


1,580.700 


1.45 


1.2415 


.01072 


.05660 


1454 


7678 


.6878 


17380 32280 


9.->0,U00 CM. . 


1,501,700 


1.41 


1.1794 


.01129 


.05961 


1381 


7291 


.7242 


16510 30660 


900,000 CM.. 


1,422,600 


1.38 


1.1172 


.01191 


.06288 


1309 


6912 


.764" 


15610 29C50 


850,000 CM. . 


1,343, -500 


1.84 


1.0552 


.01261 


.066.58 


1236 


6526 


.8085 


14770 27430 


800,000 CM. . 


1,264,400 


1.29 


.9924 


.01340 


.07075 


1163 


6141 


.8600 


13900 25820 


750,000 CM. . 


1,185,500 


1.25 


.9310 


.01430 


.07550 


1091 


5761 


.9166 


13IM0 24210 


700,000 CM. . 


1,106,300 


1.21 


.8690 


.01533 


.08094 


1018 


5375 


.9821 


12160 22590 


650,000 CM. . 


1,027,300 


1.17 


.8076 


.01650 


.08712 


945.0 4989 


1.0682 


11300 20980 


600,000 CM.. 


948,400 


1.12 


.7448 


.01787 


.09436 


872.6'4554 


1.1460 


10430 19370 


550,000 CM.. 


869.400 


1.07 


.6828 


.01884 


.09947 


799.8 4223 


1.2551 


9560 17750 


500,000 CM.. 


790,400 


1.02 


.6208 


.02144 


.11320 


727.2 3a39 


1.3733 


8690 


16140 


450,000 CM.. 


711,160 


.97 


.5586 


.02383 


.12580 


654.4 34.57 


1.5282 


7820 


14.520 


400,000 CM.. 


63i',300 


.92 


.4966 


.02680 


.14150 


581.7 3071 


1.7192 


6950 


12910 


350,000 CM.. 


653, 150 


.86 


.4345 


.03064 


.16180 


509.0 2687 


1.9648 


6080 


11300 


300,000 CM.. 


474,200 


.79 


.3724 


.03574 


.18870 


436.2 2.303 


2.2927 


5210 


9680 


250,000 CM. . 


395,150 


.72 


.3103 


.04289 


.22660 


36^.5:19)9 


2.7511 


4340 


8070 


UOOO B&S. 


334,450 


.66 


.2627 


.05068 


.26760 


307.711625 


3.2500 


3680 


6830 


000 B&S. 


265,2.50 


.59 


.2083 


.06390 


.33740 


244.0 1288 


4.09a5 


2920 


5420 


00 B&S. 


210,300 


.63 


.1632 


.08060 


.42550 


193.5! 1022 


5.1680 


2310 


4290 


OB&S. 


166,850 


.47 


.1310 


.10170 


.53700 


153.5 


810.5 


6.5150 


1830 


3410 


1 B&S. 


132,300 


.42 


.1039 


.12810 


.67M0 


121.7 


642.6 


8.2170 


1450 


2700 


2 B&S. 


104,900 


.37 


.0824 


• .16160 


.85320 


96.5 


509.6 


10.3633 


1150 


2143 


3 B&S. 


83,190 


.33 


.0653 


.20370 


1.0760 


76.5 


403.9 


13.0730 


914 


1700 


4 B&S. 


65,980 


.30 


.0518 


.2.5690 


1.3.563 


60.7 


320.5 


16.477 


726 


13.50 


5 B&S. 


6^,320 


.26 


.0411 


.3ii390 


1.7103 


48.2 


2.54.5 


20.750 


575 


1070 


6 B&S. 


41,490 


.23 


.0326 


.40860 


2.1570 


38.2 


201.7 


26.180 


456 


850 



Conductivity copper calculated for 98, Matthiessen standard scale. 
Elastic limit aluminums 14,000 lbs. per square inch. 
Ultimate strengtli aluminum =26,000 lbs. per square inch. 



TABLE III.— Deelections in Eeet Withobt Wind. Aluminum Cable. 
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•a 
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M 
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UJ 


UM 


I— 1 


0° 


.42 


.45 


.46 


1.80 


1.95'2.20 


4.3 


5.1 


6.2 


83,6 


10.3 


14.0 


13.9 


18.6 26.0 1 


20° 








.51 


..52 


..55 


2.20 2.422.75 


5.1 


B.I 


7.2 


9,5 


11.7 


15.4 


15,6 


20.3 27.6 1 


40° 








.65 


65 


,6H 


2.70 2.90 3.40 


6.0 


7.1 


8,4 


10,8 


13 2 


16,9 


17 3 


22.0 29.0 1 


60° 








.83 .85 


,92 


3.35,3.70:4.20 


7.0! 8.2 


9,7 


12.3 


14,7 


IR 3 


19 1 


238 


30.5 


80° 








1.071.13 


1.30 


4.15 4.50 5.10 


8.2I 9.5 


11,0 


13,8 


16,4 


19,6 


20 8 


25.5 


31.8 


wr 








1.571.65 


1.82'5.05 5.45'6.00 


9.510.8 


12.2 


15,4 


17.7 


20,9 


22.6 


27.1 


:«.i 


120° 








2.20 2.27 


2, 456.00,6. 40,7.00 


10.812.0 


13.3 


16.9 


19.1 


22.2 


24,2 


28.6 


34.4 


140° 








2.75 2.80 


2.95 6.90 7.35 7.85 


11.913.1 


14.4 


18.3 


20.4 


23,4 


25.9 


:ho.(1 


35,8 


150° 








2.97 3.03 


3.10,7.20 7.78 8.50 


12.513.6 


15.7 


19.0 


21.5 


25.5 


26.7 


31.5 


37.5 



Wire stressed to elastic limit at minimum temperature with 65 miles per hour actual 

wind velocity. 
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TABLE rv.— Deflections OF Aluminum Wire Without Wind. Deflections in 
Inches. Maximum Tension 14,000 Pounds Per Square Inch at Minimum 
Temperature -with Wind 65 Miles Per Hour Actual Velocity. 



EISE ABOVE MINIMUM TEM- 
PEEATDEB F.° 




Length 


OF Span. 




200 ft. 


180 ft. 


160 ft. 


140 ft. 


120 ft. 


100 ft. 


0. 


6,30 
7.00 
7.80 
8.80 
10.20 
12.00 
14.011 
IS. 50 
19.75 
23.10 
26.60 
29.75 
33.45 
36.75 
40.00 
43.00 


5.30 
5.70 
6.40 
7.25 
8.40 
9.80 
11.50 
14.00 
17.00 
20.00 
23.30 
26.60 
29.75 
32.80 
35.75 
38.40 


4.20 

4.50 

5.10 

5.75 

6.70 

7.80 

9.40 

11.50 

14.25 

16.80 

20.00 

23.00 

25.75 

28.70 

31.50 

33.60 


3.10 
3.40 
3.80 
4.50 
6.20 
6.40 
7.50 
9.20 
11.40 
13.80 
16.60 
19.50 
22.20 
24.60 
26.80 
29.10 


2.20 
2.40 
2.80 
3.20 
3.80 
4.60 
5.60 
7.00 
8.90 
10.30 
13.10 
16.25 
18.70 
20.80 
22.80 
24.80 


1.70 
1.75 
1.90 
2.20 
2.70 
3.30 
4.00 
5.20 
6.80 
8.75 
10.80 
13.10 
15.20 
17.20 
18.80 
20.30 


10 


20 


30 


40 


50 


60 


70 


80 


90 


100 


110 


120 


130 


140 


150 





Calculatioas made for No. 2 B & S stranded conductor. 

Appendix. 

The method used in the calculation of the curves in Figs. 2, 
3, 4 and 5 is a graphical one based upon the Catenary formulae 
in Weisbachs' Mechanics. The method is exemplified here in de- 
tail, in order to show the relations of the various elements of the 
problem : 



1). X=:. 



2T 



Where a; = deflection at the center of the span in feet. 
^ = one-half the length of the span in feet. 
n) = weight per foot of wire in pounds, 6r the resultant of 
wind and weight if wind pressure is taken into 
consideration. 
r = tension in wire at center of span in pounds. 



2). l^y 



1 + 1 



(|)"] 



Where Z = one-half the length of wire in the span. 
3). x = 



si Zyl-Zf 



The following formulae were also used which explain them- 
selves : 

TL 

' Ma 
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Where E = the elongation of a wire in feet within its elastic limit 
under a tension T; where ilf == modulus of elas- 
ticity, a = sectional area of wire in square inches, 
and L = length of wire in span in feet. 
5). L^=L,{1+KM). 
Where X^= length of a wire at maximum temperature. 
•£(, ^^ length of wire at initial temperature. 
ir = coefficient of linear expansion. 
M = Maximum rise in temperature in degrees F. 
Example. 

In a 1,000-foot span, to find the deflection at maximum tempera- 
ture with the wire strung in such a way that at minimum tem- 
perature with a wind velocity of 65 miles per hour (actual) the 
wire will be stressed to its elastic limit. 

Assume 500,000 cm aluminum diameter = 0.81 in.; weight per 
foot = 0.46 lbs. ; area = 0.393 sq. in. ; modulus of elasticity =r- 
9,000,000 ; elastic limit of wire = 5,500 lbs. ; rise in temperature = 
150 deg. P. ; wind pressure (from curve) = 10.6 per sq. ft. = 0.71.6 
lbs. per ft. of cable; resultant of wind and weight =0.85 lbs. per 
ft. of cable. 
Prom equation (1) — 

5002 X. 85 212,500 
*= = = 19.3 ft 

2 X 5,500 11,000 -^ 

which will be the deflection of the wire under wind pressure at 
minimum temperature in a plane which will, of course, be de- 
flected from the vertical, the tension being the elastic limit or 
5,500 lbs. The length of the wire under these conditions can be 
found from equation (3) — 

\ ~ 3 ^500/>' ^ 750,000 

2Z = L = 1,000.992 ft. 
Next assume that the wind has ceased and that hypothetieally 
the weight of the wire has been reduced to an infinitely small 
quantity. The wire then will not be stressed and it will 
contract elastically to a position of zero extension. This contrac- 
tion can be found from equation (4) — 

^_ 5,500 X 1,000.992 _^^^ 
9,000,000 X .392 
Length of wire unstressed will then be at minimum temperature 
1,000.992 — 1.56 = 999.432 ft. 
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Next assume the temperature to rise 150 deg. F. The wire will 
then expand an amount shown in equation (5) — ^-,. 

■^L^ = 999.432 (1 + .000,012,8 X 150) ^ 1.92 ft. 

Length unstressed then at maximum temperature will be 999.432 
+ 1.92 = 1,001. 35''2 ft., which corresponds to a deflection [from 
equation (3)] of 22.5 ft., 

Next assume, hypothetically, that the wire has its normal weight 
restored. It will then sag down from the ahove deflection until 
such a new deflection is reached that the tendency to elongate due 
to gravity stress is Just balanced by the elastic tendency to contract. 
This will be the deflection sought for in this problem. It can be 
found graphically as follows : ~^ 

Starting with the deflection at maximum temperature and zero 
tension (28.5 ft.) assume certain increasing tensions in the wire 
and find the corresponding deflections by applying equation (4), 
to get the increased length and equation (3) which will give the 
corresponding deflection^ Plot these tensions and deflections (Fig. 
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6) which gives the exfrve AB. This curve represents the relation 
between tension and resulting deflection in the wire as the wire 
sags down under gravity stress from its hypothetical position of 
zero tension. Next plot a curve CD (Fig. 6) by substituting van- 
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■ous values for T in equation (1) where W = the weight of the 
wire per foot. 

This curve shows the relation between tension and deflection in 
the wires at various tensions when it is assumed to have its normal 
•weight per foot 

The point of intersection E of these two curves is the point of 
■equilibrium and the deflection corresponding to this point (27 ft.) 
is the deflection in question. It is the point where the force of 
■elastic contraction is balanced by the gravity stress. 

This problem can be solved analytically by a number of methods, 
but the process leads to complex cubic equations, and a graphical 
method brings out more clearly the physical relations in the propo- 
sition. For this reason it is given here in detail. 



CONDUCTOES FOR LONG SPANS. 



BY FRANCIS 0. BLACKWELI* 



As electric power is transmitted over greater distances and trans- 
mission plants grow in size, more attention must be given to the 
importance of improving the construction of transmission lines. 

A very large number of transmissions of from 50 to 150 miles 
are now in operation, many of them with several main circuifa 
radiating from a common power center, with other lines in turn 
branching from these main circuits. The territory covered by such 
plants is so great, and the transmission system so complex, as to call 
for a departure from the earlier methods developed from telegraph 
and. telephone practice. 

It is obvious that the longer the line the more reliable and sub- 
stantial it must be. A plant transmitting power iive miles might 
be shut down three or four times a year by line troubles without 
seriously interfering with its service. If, however, there were 500 
miles of circuits instead of five, and the same number of accidents 
per mile occurred, the plant would be shut down every day and the 
power would be absolutely valueless. Moreover, the longer the 
transmission line the more difficult it is to locate and correct a 
fault. On a five-mile line repairs might be made in an hour or two 
while on a 500-mile system it would probably take a day to find the 
place and get the plant in operation again. 

Existing wooden pole lines have given good results and electric 
power has proved successful even under adverse conditions and 
justified the investment of greater capital in larger plants and 
longer power transmissions. 

The same reasons which have led the railroads to replace their 
wooden bridges with steel structures will ultimately cause power 
transmission engineers to substitute steel for wood in all important 
transmission enterprises. The advantages of a steel-tower con- 
struction are that it is fireproof, durable and readily admits of 
structures of a size and strength impracticable with wood. With 

U9 
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higher and stronger supports for the power circuits longer spans 
can be employed and the number of points of support correspond- 
ingly reduced. This fewer number of parts much simplifies the 
transmission system, both in construction and in operation, and per- 
mits of more expensive and reliable designs being used. The wires 
may be placed much farther apart thus obviating the principal cause 
of trouble — short-circuits. The insulators may also be larger and 
better, both electrically and mechanically, and every part of the 
system can be laid out in advance, the strains calculated and the 
structures designed with ample factors of safety. 

The length of span to use is the most difficult question and the 
one into which the most factors enter. The calculation of long 
spans is primarily a suspension-bridge problem in which all the 
mechanical stresses must be fully investigated. 

The strength of the conductor is at least as important as it« 
conductivity and the purpose of this paper is to give the results of 
investigations, made under the direction of the writer, to determine 
the characteristics of conductors so as to secure some definite basij 
upon which to figure long spans. To this has been added other data 
which must be assumed and the method of calculation followed. 

The materials available as conductors are copper, aluminum, iron 
and steel. The alloys of copper and aluminum have strength but 
low conductivity and have not been considered in this paper. 

Copper Wire. 

Copper wire varies widely in its characteristics depending on the 
methods used in its manufacture. The copper is received at the 
wire mill in the form of cast-wire bars weighing 200 to 300 lbs. 
It is then rolled into rods and the rods are drawn into wire of the 
required size. The temperature at which the metal is rolled, the 
reduction of area both in rolling and drawing, and the amount of 
annealing which the wire is given, all have an important bearing 
on its characteristics. As the size of the original wire bar is limited, 
the smaller the wire, the more it is worked and in general the 
better the result. 

Fig. 1 shows stress and strain curves of different kinds of copper 
wire, made in a Eiehle tension machine, which are plotted in terms 
of poundsi per sq. in. and per cent elongation in 60 ins., so that 
the different wires, although of various sizes, can be directly 
compared. 
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A is soft annealed wire of .168" diameter; B is ordinary half 
hard wire of .363" diameter; C is hard trolley wire of .363" di- 
ameter; and D is hard-drawn telephone wire of .1046" diameter. 




10,000 



.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 8.0 2.3 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 
Elongation (^ of original lengfhj 

Fig. 1. 

It will be noted that the ultimate resistance of these wires varies 
from 34j350 lbs. to 67,000 lbs. :^t sq. in., and the elastic limit, 
which is assumed to be at the point where the stress and strain cease 




.3 .4 .5 

Elongation C^of originallength) 

Fio. 2. 



1.0 



to be proportional (the tangent point of the curve), varies from 
7000 lbs. to 40,000 lbs. per sq. in. In these curves the read- 
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ings were made as quickly as possible to prevent the wire faking 
a set. 

In Fig. 2 is shown a diagram of .168" diameter hard-drawn 
copper wire in which the wire is given time to take a set at certain 
points. The curve is repeated several times by running up from, 
zero to a higher stress than before, and it will be noted that the 
wire takes a permanent set at each stress to which it is subjected, 
and the longer the time the greater the set. 

Fig. 3 shows the curve of the same .168" diameter wire given 
on Fig. 2 that had already been broken in the testing machine at 
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Fio. 3. 

60,900 lbs. per sq. in. and consequently had taken the maxi- 
mum set. In this case the elastic limit, taken at the tangent point 
of the curve, would be 55,000 lbs. per sq. in., instead of the 
35,000 lbs. it had originally, as shown in Curve Z> in Fig. 1. It 
is evident, therefore, that the actual elastic limit can be made nearer 
the ultimate resistance by stretching the wire either in drawing it 
or afterward. 

In order to study the effect of time upon the elongation of wire, 
and to determine whether the wire would continue to stretch and 
ultimately break at points below the elastic limit, the arrangement 
shown in Fig. 4 was devised. This consists of jaws to clamp the 



BLACKWELL: LONG SPANS. 



123 



ends of the wire so that a weight can he suspended by it. In order 
to measure the elongation, the copper wire is passed through a 
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copper tube which is clamped to the wire at the upper end. As 
the tube and wire are of the same material the elongation can be 



c 

c .5 











H 
T 




Di 

an 


aw 
IS 


1 c)op 
tra n '. 


)la 


W 
:ra 


re 




















ius 


liend 
D 

I 


ed 


Veit 
ter: 
1-= 


ht-I 
= .l 

60' 


■m 

85' 


Lbs 








































































. 


, — 


— 


-— 


















-' 


















r 


■^ 







































































































































10 20 30 40 50 tiO 70 80 90 100 
Time in liours 

Fig. 5. 



120 140 leo 



measured independently of the changes in the temperature of the 
room. The wire was then subjected to a stress and the elongation 
measured at different times. 



I'-i BLACEWELL: LOXG SPANS. 

Fig. 5 is a curve of strain and time upon a 5-ft. piece of tlie 
.168" diameter copper wire wliicli was subjected to a stress of 1200 
lbs. or 54^000 lbs. per sq. in. for seven days, eight hours, until 
it broke. This shows that a wire will not stand continuously 90 
per cent of its ultimate resistance as pieces of this wire broke again 
in the testing machine at 61,000 lbs. per sq. in. The elonga- 
tion bhown by the weight test was not materially different from that 
given by the testing machine in Fig. 5. So far as these suspension 
tests have gone they indicate that hard-drawn copper wire, which 
has an elastic limit of 40,000 lbs. per square inch as ordinarily 
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tested, will stand continuously about 50,000 lbs. per sq. in., or 80 
per cent of its ultimate strength. 

Aluminum Wire. 

The conditions of manufacture have the same effect upon the 
characteristics of aluminum as in the case of copper wire. The 
elongation of hard-drawn aluminum averages about the same as 
that of hard-drawn copper in the samples tested and the aluminum 
wire takes a set in the same way as already mentioned in copper. 

Fig. 6 is a curve upon aluminum wire of .2037" diameter taken 
with time intervals to allow the wire to set. The ultimate resistance 
of the aluminum wire tested averaged about 24,000 lbs. per sq. 
in., and the elastic limit from 12,000 to 14,000 lbs. This alumi- 
num wire gave 60 per cent of the conductivity of hard-drawn copper 
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of equal cross-section. The cross-section for equal conductivity 
must, therefore, be GO per cent greater than that of copper and the 
diameter 27 per cent greater. The weight, on the other hand, is 
about one-half that of copper for equal conductivity. 

Iron and Steel Wire. 

Fig. 7 shows the stress and strain diagram of common soft .1638" 
diameter galvanized iron telegraph wire. Its resistance was 7.-4 
times that of copper. The ultimate resistance and elastic limit of 
this wire are less than that of hard-drawn copper wire. 

The elongation (11 per cent), however, is much greater, showing 
that the iron wire gets its strength from the material rather than 
from the method of manufacture. It probably was stronger before 
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it was galvanized which, undoubtedly, drew the temper and reduced 
the strength.' 

Tests upon samples of steel wire, made before and after galvaniz- 
ing, showed that the ultimate resistance was 43 per cent higher 
before being galvanized and the elongation one-tenth. Iron and 
steel take a set under stress the same as the copper and aluminum 
samples. 

Figs. 8 and 9 show curves of galvanized crucible steel .109" di- 
ameter wire made by the American Steel & Wire Company, which 
had an ultimate resistance of nearly 230,000 lbs. per sq. in.. 
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and an elastic limit of about 125,000 lbs. per sq. in. This 
wire takes a set similar to that shown by other materials. The 



(840,000 
8220,000 
800,000 
180,000 
JGO,000 
340,000 
120,000 
100,000 
80,000 
60,000 
^0,000 
^0,000 




£JODgation (^ of original length) 

Fig. 8. 

















Gjilvani 


zed 


Crjicl 


)le Stiel jRn 


■e 
















Di 


iiffh 


= .1C 


r 






Fron 


An 


eri( 


an Stee 


and W re ( 


:o. 




























Stre 


;sa 


nd 


Stijair 


Diagram 
























2( 





4 


w 


600 


800 


1000 


12,00 


1400 


1600 


18 


00 


20 


00 






















uy. 




£5 


Elo 


ipat 








^ 


^ojooo 

200 000 


Broke at IS 


8,000 lb. 


ler 


fl. iii. with 7 


ion, 








E 


=27 


400. 


7 


'^ 


E = 


^25, 


!00,0|00 




_^ 


-5\ 


























/ 


/ 


^ 


-^ 








/ 




^A 


ter 


1 mi 


mte 


)at 


•dm. 


b^ns 


OD 








B 






/ ; 


^ 












/ 












L^ 












uo 




g" 




, 


n 


-A 


ter 


>mi 


lute 


iat 


this/ 


tens 


on 
























o. 




/ 


/ 












/ 




^ 


-^ 


s^'- 


















100 000 


^ 




ff 


—J 


tter 


5m 


DUt 


sat 


tliia 


ten; 


'^t( 
























& 


// 


y 










^ 






























RTiinnn 




//, 


' 








/ 
































40 
20 


000 
000 


y 


l] 






^ 




































// 


1 


/' 


^ 






































'li 


^ 










" 


































J 


1 .s 




. -r 


01 


21 


41 


6 1 


« 


02 


2 2 


12 


62 


83 


03 


£1 


43 


!^ 


«^ 








Elongation if of originallength^ 

Fig. 9. 



elongation is noticeably greater than that of copper. The resist- 
ance of this wire was 11.6 times that of copper of equal cross-section. 
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The diameters of these iron and steel wires would, therefore, be 
from 2.7 to 3.4 times those of copper of equal conductivity. 

Cables. 
Copper cable made up of several strands has the advantage of 
using smaller wires than a solid conductor and also permits of 
longer lengths of conductor without splices. Assuming a 300-lb. 
wire bar, a 19-strand cable for example can be made up weighing 
5700 lbs. while if solid wire were used the weight of one piece would 
be 300 lbs. In other words, there would be 19 times as many 
joints with the solid wire as with the 19-strand cable. The smaller 
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the wire and the greater the strength the more brittle it becomes. 
This is partially compensated for by the greater flexibility of a 
cable and the fact that a strand can break without the whole con- 
ductor parting. 

Each strand should be a continuous wire without Joints. Joints 
in the cable should be as few as possible and made by means of 
twisted sleeves, as brazing or soldering anneals the wire and much 
reduces its strength. 

In Fig. 10, A is the curve of a copper cable made up of 6-strand 
.168-in. diameter wire on a hemp center with three and one-half 
twists per foot. B on the same sheet is the diagram of one of the 
strands of which this cable is composed. It will be noted that the 
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cable liad but 90 per cent of the strength of the strand but a much 
higher elasticity and elongation. 

The center wire of seven strand cables broke before the outer 
strands showing that it takes the strain before the other strands on 
account of its less elasticity. The outer strands are longer and to 
a limited extent may be considered as spiral springs. It will be 
noted that the cable is more elastic than the solid strand which 
is a desirable characteristic in long spans, as will be shown later. 

Fig. 11 shows the curve of a galvanized seven-strand crucible 
steel cable similar to the strands shown in Figs. 9 and 10. 
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It will be noted that the strength of the cable is but three-quar- 
ters of that of the strands. 

The most serious objection to the use of iron or steel wire is that 
the galvanizing only protects the wire for a few years and it is, 
therefore, less permanent than copper. 



Elasticity. 

The elasticity of the conductor is of considerable value in re- 
ducing the sag when the stress is removed. The elongation of the 
wire under stress is less after it has once been stretched. The elas- 
ticity of cable is greater than that of solid wire, but both wire and 
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cable take a set under any stress to which they may be subjected. 
In the following table is given the average modulus of elasticity 
found for copper, aluminum, iron and steel wire and cable : 

Copper hard-drawn wire 16,000,000 

Copper hard-drawn cable 12,000,000 

Aluminum hard-drawn wire 10,000,000 

Aluminum hard-drawn cable 7,500,000 

Iron galvanized wire 34,000,000 

Steel galvanized wire 27,000,000 

Iron and steel cable 22,000,000 

Each sample was stretched to a point somewhat below its elastic 
limit befoi« testing. It will be noted that cable is considerably more 
elastic than the solid wire. The stress and strain diagrams show 
this. Aluminum is considerably more elastic and has a decided 
advantage over copper in this respect. Iron and steel are less 
elastic than either copper or aluminum. 

Coefficients of Expansion. 

The coefficients of expansion for Fahrenheit degrees are as 
f olloM'S : 

Copper 0.000,009,6 

Aluminum 0.000,012,8 

Steel 0.000,006,4 

As the worst condition, so far as sag is concerned, is reached 
when the conductor is hot, a low temperature expansion is most 
desirable for long spans, and steel is in this respect better than 
either copper or aluminum. 

Weight of Conductoks. 

The relative weight of conductors of different metals for equal 
conductivity of course depends upon their conductivity for equal 
cross-section and their specific gravity. 

Iron and steel weigh about 86 per cent and aluminum 30 per 
cent as much as copper of equal cross-section. 

The electrical resistance of iron and steel varies from 7 to 12 
times, and that of aluminum is 60 per cent more than that of cop- 
per. In order to obtain any given conductivity it is necessary to pur- 
9 
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chase from 6 to 11 times as much iron or steel and but one-half as 
niiTch aluminum. At present prices of wire, copper is cheaper than 
iron or steel. If other things besides weight were equal, aluminum 
would be the best conductor for long spans, as its tensile strength 
for equal weight is greater than that of copper or iron wire, but 
less than that of steel. In addition to carrying its own weight, a 
conductor must also in a cold climate be able to bear the ice which 
may accumulate upon it in sleet storms. 

The writer has assumed that from 1/3 to 1 in. of ice may cover 
the surface of the wire. In addition, the efEect of wind must be 
considered, not only upon the conductor alone but also on the ice 
which may be on the wire. Where a large amount of power is 
being transmitted considerable energy is dissipated in the con- 
ductor and the temperature of the wire will be kept above that of 
the atmosphere and sleet will not form on the conductor. 

Wind Pressure. 

The greatest stress in the wire is caused by wind pressure. This- 
is generally assumed in engineering structures to be 40 lbs. to' 
50 lbs. per sq. ft. or flat surface with a wind velocity of 100 
miles per hour. Forty pounds is undoubtedly ample to allow for, 
as higher pressures are only obtained on limited areas and the- 
average pressure on a long span would be much less than the maxi- 
mum. It is also improbable that the highest wind would be ex- 
actly at right angles to the line. Ice on the wire will also break 
oS more or less with high winds. Small conductors suffer more 
from wind and sleet than larger ones, as the exposed surface varies 
directly as the diameter, while the cross-section and, consequently, 
the strength increases as the square of the diameter. A given thick- 
ness of ice on a wire is evidently a heavier load on a small than on 
a large wire. It is, therefore, most undesirable to employ small 
conductors for power transmission. On a cylindrical surface a 
given wind velocity only causes half the pressure that it does on 
a flat surface, so that the maximum pressure on a conductor can 
be taken at 20 lbs. per sq. ft. The less the diameter of a conductor 
for a given conductivity the better, so far as wind strains are 
concerned. 

As aluminum wire must be 27 per cent greater in diameter and 
iron and steel from 2.5 to 3.5 times the diameter of copper, they 
compare unfavorably with the latter in this respect. 
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Span and Sag. 

In calculating the sag in a conductor for any span, the maximum 
stress which can be permitted in the wire must first be assumed. 
This should be the elastic limit of the wire with a factor of safety.- 
The maximum side strain per foot of conductor is the resultant 
of the weight and wind pressure which are at right angles to each 
other. If there is sleet, the weight of tlie ice and the wind effect 
upon the increased diameter of wire due to ice must be allowed for. 

The maximum sag may be due to the conductor being loaded with 
sleet or to heating of the wire in a hot sun. The latter will gen- 
erally be found to give the greater sag. Owing to the conductor 
being elastic, it is not necessary to consider the greatest deflection 
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from a horizontal line between supports as the vertical sag of the 
wire. The wind pressure causes the wire to swing to one side, and 
it is elongated by the combined strain of wind and weight; but as 
soon as it is relieved of the wind pressure it swings back to a verti- 
cal position and contracts to the length required to carry its weight 
alone. The sag due to heating of the wire is also somewhat less 
than it otherwise would be, because when expanded the strain is 
less and the wire contracts. 

The extreme variation of temperature of the air in cold climates 
is about 150 deg. P., while further south it does not exceed 100 
^eg. F. To this must be added something for a conductor exposed 
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to a hot sun. There is no data upon this, but a total variation in 
the temperature of the conductor of 175 deg. P. should be suffi- 
cient in any country. 

Curves of Span and Sag. 

The attached curves of span and sag are taken from a paper 
presented by the writer before the American Institute of Electrical 
Engineers on June 22, 1904, as are also the following calculations : 

The curves in Figs. 12 and 13 show the span and maximum sag 
of copper and aluminum cables at the elastic limit and also at 
one-half the elastic limit. They do not allow for ice on the wires 
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and are of value only for the particular diameter of conductor, and 
under the conditions and data assumed which are as follows : 

Aluminum. Copper. 

Area 6-strand cable . 21 sq. in. . 132 sq. in. 

Diameter 6-strand cable 0.-59 in. 0.51 in. 

Weight per foot 0.240 1b. 0.509 lb. 

Elastic limit 14,000 lb. 40,000 lb. 

Stress at 1/2 elastic limit 1470 lb. • 2640 lb. 

Stress at elastic limit 2940 lb. 5280 lb. 

Wind pressure per sq. ft 40 lb. 40 lb. 

Wind pressure per ft. cable * . . 0.98 lb. 0.84 lb. 
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CoefiBcient of expansion 0.000,013 0.000,009,6 

Variation in temperature 150° F. 150° F. 

Modulus of elasticity 8,000,000 16,000,000 

The equations from wliicli tlie curves were calculated are given 
below and alongside of them is an example of a 1000-ft. copper 
span. 

D = -^2-J^= 1000^ X 0-9S _ 4£ 4 f t. 
8 2' 8X2640 

In which D = deflection in ft, 

S = span in ft. 

W=^ resultant of weight and wind in lb. per ft. of cable. 
and T = stress allowed in cable in lbs. 

L = S+^^ =10CfS+l>iiM' = 1005.74 ft. 
3 *S' 3X1000 

In which L = length of cable, cold. 

"•" ^ "^ 16,000,000 

In which Z/„= length of cable without stress, 

F = lb. per sq. in. permitted in cable, 
and E = modulus of elasticity. 

Zj,=L„(l+C£) =1004.38 (1+0.000,000,9X150)=1005.81 ft. 
In which L^^ length of cable,hot (150 deg. P. rise in temperature), 

G = coefficient of expansion, 
and B = maximum degrees P. rise in temperature. 

' 8 ^ ^' iS4cEA 

2>«+ i><H22(lOOO- 1005.81) D - 3X10003X1005.81 W 
' 8 ^ ' ~ 64X16,000,000X0.132 

1)^—2178.7 D = 33,323 W. 
In which A = area of cable. 

From this equation any deflection of the cable can be assumed 
and the corresponding weight calculated. For instance, in the ex- 
ample if Z) = 48.8 ft., 17=0.51 lb.; that is the sag hot, without 
wind, is 48.8 ft., which is the maximum vertical deflection under 
the conditions assumed. 

If Z) = 51.1 ft., TF=0.98 lb. which is the maximum deflection 
with wind but this is at an angle of 31 deg. from the horizontal and 
the vertical sag is only 26.6 ft. 



134 BLAOKWELL: LONO SPANS. 

Discussion. 

Chairman Scott: We are fortunate in having with us Mr. Eobert 
Kaye Gray, President of the British Institution of Electrical Engineers, 
and as I believe this is in his professional line, we will be very pleased 
to have him open the discussion. 

President Gray: Well, gentlemen, in talking about the conductors iind 
the use of aluminum, -vve have, as you are all aware, not very much ex- 
perience in England, but after hearing what Mr. Buck has said, I think 
that there is one point of very considerable interest and that is with respect 
to the joint. I understood he is employing the stranded cable, but I did 
not catch very clearly the manner in which the two ends were lined and 
joined together. Is the strand a 7-strand or a 19-strand? And do you 
make a long splice? I do not want to ask anything that you do not feel 
at liberty to tell us. 

Mr. Buck: li is a 19-strand. Each strand is wound around the core 
separately. 

President Gray: I am very much obliged to Mr. Buck for this informa- 
tion. Your description has been exceedingly clear, and I cannot add any- 
thing to the discussion. 

Chairman Scott : Mr. Buck's paper is valuable for two points. One is 
the comprehensive statement he has given regarding the characteristics 
and use of aluminum conductors; the second is the valuable data which he 
has given from the beautiful and extensive tests which he has made. I 
regard his contribution as one of very considerable engineering value. 
He has set an excellent example in taking this problem, which has been 
so much discussed, and evolving a very simple and direct way of getting 
the very valuable data which are required. We have with us this morn- 
ing, in addition, gentlemen who are connected with the manufacture of 
aluminum and aluminum wire, and engineers who have been using alumi- 
num conductors in their work in the West; also other engineers who have 
given the matter general consideration. 

Mr. P. N. NuNN : It seems to be generally understood that the deflections 
of aluminum conductors are greater than those of copper. This is not usually 
true. While the coefficient of expansion of aluminum is greater than that 
of copper, so also is its elasticity, and these two factors of deflection work 
oppositely. Moreover, the difference in elasticity is greater than that in 
expansion. If the commercial aluminum wire now used, and medium 
drawn copper, be erected sufficiently tight so that at minimum temperature 
the respective tensions slightly exceed the elastic limits, then the conduc- 
tors will slightly " draw " without apparent injury, and minimum feasible 
deflections will at all times be secured. A range of temperature greater 
than 120° or 130°F. is seldom found at more than a few successive spans. 
Under these conditions, the deflections of aluminum in even short spans, 
at moderate temperatures, will be less than those of copper, while in 
spans of over 200 feet, they will be less at all temperatures. 

Mr. Buck: In regard to the question of taking into consideration the 
modulus of elasticity and the coefficient of expansion, I want to say that 
they were both included in these calculations, and if we have any confi- 
dence in mathematics, there is no reason to doubt that the deflection of 
aluminum will be greater than for copper at the hypothetical high tern- 
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perature of 150° Fahrenheit. If you do not include wind pressure, 
aluminum starts with a very much lower initial deflection at minimum 
temperatures; but as the temperature rises, the aluminum overtakes the 
copper and passes it; so that at the highest temperature the deflection is 
■considerably more. 

Mr. P. M. Lincoln : I think possibly there is one element which has not 
been taken into consideration in either Mr. Nunn's discussion or Mr. 
Buck's, and that is that the supports in any transmission line are not 
iibsolutely rigid; they are flexible to a considerable extent; and as the 
"tension decreases by elevation of temperature, this elasticity of the sup- 
ports will oome in and take up a considerable portion of the sag which 
-would otherwise occur. That possibly may be the reason for Mr. Nunn 
having noted a smaller sag with aluminum than with copper. There is 
■one question which I would like to ask in regard to Mr. Buck's paper, and 
"that is what causes this difference between indicated wind velocities and 
victual wind velocities? I did not realize that such a large difference 
obtained. 

Mr. Buck: The Government anemometer, as you know, is made of a 
series- of cups. One side of each cup is^convex and the other concave. The 
■concave side offers more resistance than the convex; so that the anemom- 
■eter rotates in that direction. At low wind velocities the relation be- 
tween those two resistances has a certain value. As the wind velocity in- 
•creases, that relation changes; so that the an-";mometer rotates faster, re- 
latively, at high wind velocities than it does at low velocities and the 
■correction factor increases. Why it does is a physical matter, that I 
will not venture to explain. 

Mr. R. S. Hutton: About everything that Mr. Buck has brought out 
we find quite true out on the Coast. Of late we have been going to the 
long-span proposition. Most of our transmission lines run through a 
mountainous country and we cross some very deep gulleys. These have 
given us excellent opportunities to try long spans, and we have some, 
■of aluminum wire, as great as 1800 feet. At first it was thought that we 
would have to give the wires very great separation. We started in, how- 
•ever, with a medium spread of wires, and found that during the wind 
storms, owing to the great weight of these spans, and the low periodicity 
■of the natural vibration, they all swing together, so that they are prac- 
tically parallel at all times. It therefore appears that there is very little 
possibility of their ever crossing in a wind storm, and we have yet to 
■experience a single case where any of our long spans have ever crossed 
in a wind storm, and we have had some as high as 72 miles an hour, 
according to the records of the Weather Bureau. 

Chairman Scott: The element in a transmission line which is next 
in importance to the conductor, is the insulator. There is probably no 
■element in the general branch of high-tension transmission upon which 
more is involved, and upon which more depends and, on the other hand, 
to which more attention has been given and a greater variety of product 
has been produced than in high-tension insulators. One of the men who 
has had to do with high-tension work in some of the earliest and most 
important high-tension plants and has made a special study of the in- 
sulator, is Mr. Converse, who will now present a paper on that subject. 
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It is only 14 years since 3,000 volts was considered a very high 
tension, and the success of a transmission at this tension was looked 
upon with far more skepticism than we attach to one of 80,000 
volts at the present time. As the steps in high tension have been 
made with the increasing use of alternating currents, and as alter- 
nating-current power transmission dates back but the 14 years 
mentioned, the province of this paper may then be considered to 
be within these limits. 

It is a little difficult to trace the early stages in the development 
of the high-tension insulator. Undoubtedly the first forms were 
copied from insulators used for telegraph and telephone work. 
Certain it is that the same styles of insulators were proposed, and 
the same theories were advanced. As the tension or voltage in- 
creased, the insulators were made larger and had various petticoats 
in order to prevent the leakage of current. Since it was found 
in telegraph work that if the surface of the material of the insu- 
lators was hygroscopic there was difficulty in transmitting the mes- 
sage, the materials of high-tension insulators were very carefully 
considered, in order that this dangerous hygroscopic condition 
might not so reduce the effectiveness of the insulator that vital 
quantities of current would leak over the surface. The same con- 
structions for cross-arms, pins, and the securing of insulators, 
adopted by the telegraph and telephone companies, were appro- 
priated for power transmissions, and until a few years ago the aim 
has been to use such details of construction as had become standard 
and thus could be easily obtained. 

' Glass and porcelain are the only materials which have been used 
extensively for high-tension insulators, although many other ma- 
terials and compositions have been proposed and tried. At times 
it has seemed as if one possessed qualities of decided advantage 
over the other, but a better understanding of the requirements, 
or an improvement in the method of manufacture, has brought 

136' 



CONVERSE. ■ EIOH-TENSION INSULATORS. 137 

tlie other to an apparently equal basis, so that from the first we 
have had glass insulators and porcelain insulators, and even com- 
binations of glass and porcelain. 

The commercial success of high-tension transmissions having 
been until late years in doubt, developments of insulators have been 
in the improvement in form and materials, no radical changes in 
construction being ventured, yet every engineer has had his own 
ideas regarding the details of construction. It would seem as if 
almost every engineer who has had the opportunity of exploiting 
his ideas has done so. As a result, we have had at various times 
insulators with gutters and spouts, insulators in the form of hel- 
mets, some with drip points, and others with every conceivable form 
and combination of petticoats. The situation has been further com- 
plicated by a variety of ties for securing the line to the insulator, 
pins of wood, and of iron, various threads for securing the insulator 
to the pin, and even by a wide range of colors of material. It is 
little wonder that the manufacturer of porcelain or glass who was 
skilled in the art of making table-ware and various other utensil^, 
and perhaps telegraph insulators, has hesitated when confronted 
by the requirements of the up-to-date high-tension engineer. 

Now it should be stated to the credit of the manufacturer that 
the arts of making porcelain and glass, which have descended to 
us from periods antedating the Christian era, had reached a cer- 
tain stage of perfection. Strong and beautiful and Satisfactory 
wares were made, but here was a new requirement. The material 
of the insulators must be strong to withstand mechanical strains, 
and it must also withstand the unseen and unknown electrical 
forces which tend to break it and render the insulators useless. 
The improvements which have been made in glass have been 
in the direction of strengthening the quality in order to pro- 
tect against mechanical breakage, ■ the structure of glass already 
suiting electrical conditions very well. The improvements in 
porcelain, which have been in the direction of strengthening the 
body of the material to resist electrical puncture, have been inter- 
esting and are noteworthy. From porcelains, which were first 
furnished for insulators and would stand but a few thousand volts 
— ^perhaps these few thousand volts going farther through the body 
of the porcelain than if no material whatever were interposed — 
the advance has been in the line of obtaining a more homo- 
geneous, refractory and vitreous grade of material which is strong 
in resisting electrical breakage. Of recent years the combining 
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of layers of this high-grade electrical porcelain has further 
strengthened the body of the insulator. 

But let us trace directly the forms of insulators which have 
been used. In 1890, the first alternating-current power transmis- 
sion in the United States used for 3,000 volts a glass insulator 
of the form shown in Fig. 1. This is an insulator such as is 




Fra. 1. Telegraph Insulatob. 

commonly used by the telegraph companies, and is only about 
3 in. in diameter. In spite of the predictions that .the insulator 
would not suffice, the plant continued in operation for six years 
without insulator troubles. 

For the famous Frankfort-Lauffen transmission experiments in 
Germany in 1891, a porcelain insulator with an oil cup was used, 
lio definite information as to the exact shape of this insulator 
is at hand, but the principle was probably not unlike that of the 
insulator shown in Fig. 2. Voltages as high as 28,000 to 30,000 




Pig. 2. Oil Cup Insulator. 

were used in these experiments for a limited time. Insulators 
with oil cups of various forms appeared very shortly afterwards 
in England and the United States. If the insulator was of glass, 
the outer petticoat was usually curved inward and up, so as to form 
an internal groove which would hold oil. A common form for 
porcelain insulators was to bring down a petticoat from the body 
of the insulator which would dip into a cup of oil, the cup being 
made in a circular form and held in place around the pin by a 
support on the pin. Insulators with detachable oil cups were 
supplied for the 10,000-volt transmission at Pomona and San 
Bernardino, Calif., started in 1892. The oil cups were not used, 
however, as they were found to be unnecessary. 
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Insulators without oil cups being equally effective as those with 
oil cups, a form similar to that shown in Fig. 3, made of either 




Fio. 3. Tbiple-Petticoat Insulatob. 

glass or porcelain came into use. Here the idea was to impede 
the leakage of current over the surface by introducing petticoats 
which gave a very long surface between the conductor and the 
pin. Some insulators had as many as four or five such petticoats. 

No further increase in voltage is noted until 1895, when we find 
the Hochfelden-Oerlikon transmission in Switzerland at 13,000 
volts. In 1897 we had transmissions in the United States at 
16,000 volts. 

About this time it was found that porcelain insulators which 
had been formed and pressed in iron moulds had not a sufficiently 
compact or homogeneous structure and were apt to be punctured 
in service. A study of the matter showed that really the only 
effective dielectric insulation of the porcelain was contained in 
the glaze over the surface of the porcelain. In some cases it was 
found that the interior body of the porcelain insulator would 
actually absorb and hold a considerable quantity of water. The 
manufacture of porcelain was then studied with a view to over- 
coming these difficulties. The method was resorted to of making 
the insulator in several thin shells" which were glazed separately 




Via. 4. " Glaze-Filled " Insulatob, 



and then glazed and fired together, the potter's wheel being re- 
verted to in order to make the shells of sufficient compactness. 
This construction is shown in Fig. 4. It will be noted that a 
petticoat is here extended down for a distance over the pin for 
the purpose of further insulating from the pin. Attempts had 
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been made heretofare to extend a petticoat down around the pin, 
but when the insulator was made in a mould no such long petti- 
coat could be made as was now possible with the insulator made 
in several parts. 

In 1898 we have the first commercial very high voltage plant 
in operation in the United States, at Provo, Utah. This trans- 
mission is at 40,000 volts. The insulator used is of glass, shown 




Fig. 5. Provo Insulator. 
in Fig. 5. This insulator has outwardly extending petticoats, the 
purpose of these petticoats being to provide unexposed surfaces 
near the wire in order to prevent surface leakage. 

In 1900 the demands of the Bay Counties and Standard Elec- 
tric Companies of California, for 60,000 volts, made necessary a 
very much larger insulator than had ever been made before, shown 




Fia. 6. Bat Counties and Standard Electric "Mushroom" Type. 

in Fig. 6. In this insulator the outer petticoat is carried out 
almost horizontally, and a gutter is formed on the top near the 
edge of the petticoat to conduct water away from the cross-arm. 
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The top piece of this insulator was originally of porcelain, and 
the petticoat around the pin, which now amounts to a sleeve ex- 
tending down the whole length of the pin, was of glass, the glass 
and porcelain being secured together by sulphur at first and then 
cement. This type of insulator has been commonly designated 
the "mushroom" type, from its appearance. 

A modifleatiO'n of the outwardly extending petticoat idea is seen 
in the insulator shown in Pig. 7. This form has had a limited use. 

While the insulators enumerated have been referred to in order 
to show the successive steps in the development of the present 
highest-tension insulators, it must not be understood that such 
insulators are not still in use. On the contrary, with the excep- 
tion of the oil insulator, all of these types and many others possess- 




Fi6. 7. NiAGAEA Type Insuiatob. 

ing the same essential characteristics, are in service, at the various 
voltages for which they have been found adapted. Even the tele- 
graph insulator shown in^ig. 1 has shown good service in certain 
localities at voltages as high as 10,000. 

Insulators of the types shown in Figs. 3, 4, 5 and 6 are in use for 
voltages as high as 40,000. In various sizes these same insulators 
are used for all intermediate voltages up to 40,000. Types shown 
in Figs. 5 and 6 are in use in a few cases at 45,000 volts. Some of 
these insulators have given good service from the first, while others 
have failed. It is believed that the failures have been largely due to 
faulty material. In some cases it has been necessary to replace a 
whole equipment of insulators because of their faulty construction ; 
in other cases a gradual weeding out has been necessary until the 
faulty insulators were removed. Occasionally we hear of a plant 
operating where there has been almost no trouble with insulators, 
except with such as have been broken by outside interference. In 
general, it is believed the feeling exists that the line insulator 
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problem for voltages as high as 40,000 has been satisfactorily 
solved. 

We are now to the point of considering the very highest- 
voltage insulators — those -which are in use for voltages from 




Fig. 8. Missoubi-Riveb Instjlatob. 

50,000 to 60,000. Fig. 8 shows a glass insulator used by the 
Missouri Eiver Power Company in Montana, for 55,000 volts. 
This insulator has been in service since 1901. The insu- 




FiQ. 9. Shawinigan-Falls Insitlatob. 

later is in two parts, one a hood 9 in. in diameter, and 
the other a sleeve set over the pin. The sleeve, which is open at 
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the top, adds nothing to the dielectric strength of the insulator, 
its purpose being to protect the wooden pin. Obviously the sleeve 
would be of little value if a metal pin were used. This type of 
insulator possesses the advantage of being in two parts which are 
separable, either of which can be replaced if broken. 

The insulator used for the 50,000-volt transmission at Shaw- 
inigan Falls, Que., is shown in Fig. 9. This is of porcelain and 
made in sections. Each section has a closed top and adds to the 
dielectric strength of the insulator. Two petticoats, one 9 in. 
and the other 10 in. in diameter, extend outward and give the 
effect of one insulator over another. One section extends down 
around the wooden pin and serves to protect the pin. The sec- 
tions are held together with Portland cement. This insulator 




!FiG. 10. Guanajuato Insulator. 



shows the combination of the sleeve around the pin, outwardly 
extending petticoats and of sections, as first indicated in Figs. 
4 and 5. 

Fig. 10 shows a very large and extended form of the mushroom 
type, which has recently been put into use on the 60,000-volt 
transmission at Guanajuato, Mexico. The top section is 14 in. 
in diameter. The sections are secured together with Portland 
cement, and the whole is cemented to a hollow metal pin. 
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For several transmissions under construction for voltages be- 
tween 50,000 and 60,000, the insulator shown in Fig. 11 has been 
adopted. Some of these insulators exceed 14 in. in diameter and 
weigh as much as 35 pounds. 

Abroad, insulators are used which are similar to those used in 
this xiountry. It is probable, however, that they have not been 
made in such large sizes, also that corresponding sizes are used 
for lower voltages. 

The present highest-voltage insulators, then, of which the writer 
knows, and which may be considered as representing the most 




Fig. 11. 



Type Adopted foe Several Transmissions Undee Constkuc- 

IION. 



advanced state of the art in insulator design and construction, 
are represented by Figs. 8, 9, 10 and 11. Whatever advantage one 
may possess over the others will doubtless be shown in course of 
time. 

Compare now the telegraph insulator, which was used as the 
first high-tension insulator, with these large ones. Our high- 
tension insulator has grown with increasing voltages from one 
weighing a pound or two to one weighing 25 pounds, and from 
3 in. to 14 in. in diameter, and in cost from a few cents to several 
dollars. 

We naturally begin to wonder what the future development in 
insulators will be. Will they continue to increase in size and in 
weight? If 60, we can easily imagine that when an insulator 
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which is 14 in. in diameter and weighing 25 lbs. is required for 
60,000 volts, 80,000 volts might require an insulator 20 in. in 
diameter and -weighing 50 pounds. Further development along 
this line brings to our imagination insulators which will look not 
unlike Chinese pagodas and weigh perhaps several hundred pounds, 
as has been predicted. 

This development appears ridiculous when we consider such 
structures made out of fragile materials like glass or porcelain, 
yet it is believed that much higher voltages are to be used in the 
future. Even now we find one company in the United States 
equipped in every way, except the insulators, to transmit at 80,000 
volts. We note also that the largest power development in prog- 
ress of construction is providing to receive apparatus for 80,000 
volts, the amount of power in this case being so large, it has not 
been considered that it could be always marketed within the range 
of territory to which it may be economically transmitted at less 
than 80,000 volts. 

Another factor which is tending to make insulators heavier is 
the steel tower construction for supporting the lines. This con- 
struction means longer spans and hence heavier and stronger insu- 
lators. Some relief may be given the insulators on these towers 
by housing them over to protect them from the elements. Some 
slight advantage may also be gained by securing the wire to the 
under portion of the insulator, rather than on top of the insulator, 
as is now done. 

It would seem, however, that the trend of development in high- 
tension tranmission would continue along the lines which have 
become established. In favor of the further increase in voltage, it 
must be remembered that there is always the possibility of the dis- 
covery of some new insulating material which is superior to glass 
and porcelain; and even much improvement may be expected in 
glass and porcelain themselves. While a remarkable improvement 
has been made in the dielectric strength of porcelain, it is only at 
the present day that its possibilities are beginning to be realized. 
Likewise with glass we may expect a complete revolution in the 
method of manufacture, the art of making glass insulators having 
been given less thought, and is probably much less advanced than 
the art of making porcelain insulators. 

The requirements for a high-tension insulator may be enumer- 
ated as f oUows : 
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1). The material must have a high dielectric strength; in other 
words, it must be strong to resist puncture by the current. In 
order to fulfill this condition, the material must be continuous, 
compact and homogeneous, even the most minute crack or fracture 
being a weakness. 

2). There must be sufficient resistance over the surface of the 
insulator so that there will be no considerable conduction or leak- 
age of current. 

3). The distance around the insulator between the wire and the 
pin or support must be sufficient to prevent the current from 
arcing. 

4) . The second and third requirements are dependent upon the 
shape of the insulator. Its contour must be such that there will 
be unexposed surfaces which will not get wet or accumulate dirt, 
salt, etc., as these materials are conducive to leakage and tend to 
lessen the arcing distance. Evidently the requirements which are 
dependent upon climatic conditions vary with the locality in which 
the insulators are to be used. If in a country which is not sub- 
jected to heavy rains, sleet or dust storms, the insulator may per- 
haps be smaller than an insulator required in a locality where the 
climatic conditions are severe. Usually a larger type of insulator 
is required for the same voltage in a cold country than in a warmer 
climate. This may explain why some insulators which have been 
very satisfactory under a given voltage in one locality have utterly 
failed when tried at the same voltage in another place. In some 
localities, particularly on the Pacific coast, the accumulation of 
salt is so great from the so-called salt fogs that it has been found 
necessary to have the unexposed surfaces rather shallow and with 
few petticoats in order that the surfaces be readily accessible for 
periodical cleaning. 

5). The shape and arrangement of the petticoats should be such 
that the electrostatic capacity of the insulator will be small. 

6). The internal heat losses from conduction and hysterisis 
should hot be such as to appreciably heat the insulator. 

7). Mechanical requirements, such as strength, mounting, 
method of fastening the wire, color, etc., are in general, dependent 
upon the conditions to be met. 

It does not seem as if details like gutters, spouts, drip points- 
and the like can be considered of much value. They are features 
which may look well in theory, but can cut little figure in prac- 
tice. Certainly the insulation of our high-voltage lines is more 
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dependent upon a good, strong insulator with liberal margins of 
safetj', than upon such refinements. 

The following tests are advised in order to determine whether 
insulators will meet the requirements : 

1). In order to determine dielectric strength, porcelain insula- 
tors should be inverted, with their heads dipping into salt water, 
the solution extending well over the head of the insulator. The 
hole for the pin should also be filled with salt water. The prede- 
termined voltage for testing may then be applied to the two salt 
solutions. Usually a voltage test of several minutes is made. The 
defective insulators will be punctured in this manner. If the 
porcelain insulators are made in several sections, the purpose of 
the sections being to obtain greater dielectric strength, then the 
sections should be tested individually in the same way. When the 
sections are cemented or assembled to complete the insulator, it is 
advised to again test, using the same method, in order to be certain 
that the sections have not been broken. Every porcelain insulator 
of a lot should be tested in this manner. 

If the insulators are of glass it is best to have every insulator 
tested in the manner described for porcelain insulators, but as the 
defects in glass are easily visible it may be necessary to test only a 
few of a lot in order to determine the strength of the glass, the 
remainder passing the rigid examination of an inspector who will 
discard such insulators as have cracks, air bubbles, or less than the 
required thickness. 

2). The measurement of leakage over the surface of an insulator 
is an extremely difficult thing to accomplish, and the refined 
methods which are required are not applicable to factory tests of a 
large number of insulators. Any leakage of account will be ob- 
served in the test for dielectric strength, either by the visible creep- 
age of the current over the surface, or by the heating of the in- 
sulator. 

3). A lot of insulators having passed a preliminary inspection, 
it is necessary to test only a few in order to meet the third require- 
ment. These may be set up as in service and the predetermined 
voltage applied. It is customary to apply the voltage to the line 
and pin. It is further advised that a voltage be applied across 
two insulators mounted in the same way, in order to duplicate as 
near as possible normal running conditions. ■*' 

4). In order to test for the effectiveness of the contour of an 
insulator, it is necessary to imitate as nearly as possible the most 
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severe climatic conditions under which the insulator is to operate. 
Tests of this kind have not been extended farther than to obtain 
the effect of a heavy driving rain. An insulator mounted as for 
use should have a broken spray of water thrown upon it at an angle 
but slightly above the horizontal. The results with this combina- 
tion may then be noted with a predetermined voltage applied be- 
tween line andpin, or between two insulators similarly treated. 

The value of tests should not be overestimated, for it will be 
recognized, especially as to dielectric resistance, that no laboratory 
or factory test of the dielectric strength of insulators can approach 
the time test of insulators in actual service. Consequently it is 
well to allow a wide margin of safety over the actual requirements. 
Wide margins of safety in every particular is also good practice in 
order to compensate for the abnormal voltages which are charac- 
teristic of high-tension transmissions. It is questioned whether 
there is any other element of a high-tension power transmission 
which operates on such narrow margins as the insulator. Espec- 
ially is this true in America. 

Unfortunately with very high tensions, we are apparently near- 
ing the point where the question is whether there is any margin 
possible, rather than how much. For 'a better understanding of the 
situation, the writer will review the conditions as he has found 
them. 

The electrical requirements of a high-tension insulator are at 
variance with the requirements for mechanical strength in the 
following respects: 

1). In order to increase the dielectric strength, reduce the 
capacity and lessen the brush discharges, it is necessary to increase 
the thickness of the head of the insulator. As the thickness is 
increased, the pin or support in the insulator is removed farther 
from the strains of the wire and mechanical stresses are brought 
upon the insulating material which it is incapable of withstanding. 
Especially is this true if the wire is tied or supported on the top of 
the insulator. 

2). If the point of support of the wire is lowered to the side of 
the insulator, it is necessary that the insulator be of large diameter 
at the point of support in order to have the required dielectric 
thickness. Also with the wire on the side of the insulator, the 
surface distance ie decreased and the length of the adjacent petti- 
coat must be correspondingly increased. 

3). No logical or safe arrangement has ever been proposed 
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whereby all the lines of a circuit can be supported otherwise than 
on the tops of the insulators. In this position the surface of the 
insulator is exposed to the elements, at least as far as the edge of 
the extending petticoat adjacent to the line, and the effect is to' 
aggravate the cause for leakage for a certain distance, where it 
must be checked. 




FlO. 12. EXPEKIMENTAL HIGH-TeNSION iNStTLATOB. 

4). The requirement for a larger insulator means one which is 
more breakable — ^if of glass, one apparently beyond the present 
knowledge of how to mould, or how to anneal. 

The electrical requirements are also contradictory in this respect 
— a larger insulator for increasing the arcing distance adds but 
little resistance to leakage and probably increases the capacity. 

The writer early foresaw the objections to making insulators of 
constantly increasing diameters for increasing voltages, and pro- 
posed the making of insulators in parts and with outwardly ex- 
tending petticoats. Such construction is- shown in Fig. 13. Other 
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fonns of insulators embracing the essential features have been 
already shown, as in Figs. 9 and 11. The purpose of the con- 
struction of the insulator shown in Fig. 13 was to study the effect 
of the outwardly extending petticoats in resisting arcing of the 
current between line and pin. The exact details of construction 
are a top piece. A, screwed onto a wooden pin, H; two like sec- 
tions, B and C, and a supporting section, D, resting on the cross- 
arm or support, and holding B and C. D also serves the purpose 
of protecting the pin. The grooves at e, f and g are for holding 
an insulating medium, if desirable to insulate between the several 
parts. These parts being readily separable, it is easy to assemble 
A and D, or A, D and either B or C. Sections A, B and C are 
IQi/^ in. in diameter, and the whole insulator when assembled as 
fihown in Fig. 13 is 33 in. high from the cross-arm. Under test, 
the terminals of the testing apparatus being connected at the point 
for the wire and at the cross-arm, the current arced around at the 
following voltages : 

Insulator clean and dry — 

A and D, 144 kilovolts. 

A, B and D, 186 

A, B, C and D, 335 

Under a spray of water at 45 deg., precipitation three-fourths 
of an inch in five minutes — 

A and D, 118 kilovolts. 

A, B and D, 157 " 
A, B, C and D, 198 " 

Fig. 13 shows an insulator under test at 198,000 volts. The 
spray of water was applied at an angle of 45 deg. with the hori- 
zontal, the precipitation being three-quarters of an inch in five 
minutes. The exposure in photographing was one-half second. 

jSTo insulating material was used in the grooves during these 
tests. There was no tendency for the current to arc between the 
sections, and there were no serious discharges up the inside of the 
sections or in the grooves between the sections. This experiment 
'S considered of importance in that the addition of each outwardly 
extending petticoat section requires a nearly equal additional volt- 
age to produce arcing. The advantage of a properly proportioned 
insulator with outwardly extending petticoats is, evidently, less 
diameter for the same resistance to arcing around than an insulator 
of the mushroom type. 

As to the surface conditions on insulators of glass and porcelain. 
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no differences have been noted in the conduction or leakage of cur- 
rent. With high tensions, such water or moisture as falls on the 
insulator is quickly dispelled or dried off by the leakage of cur- 
rent, high tensions tending always to keep an insulator dry. In 
general, losses on high-tension insulators, until a brush appears, 
are so small that they are negligible. With the brush the losses 
increase very rapidly with increase in tension. 

There remains for the investigator an almost unexplored field 
for the determination of how the potential may be distributed 
through an insulator; and not until such knowledge is had may 
we expect to know the form of the rational design, and learn of the 
limitations of the high-tension insulator. 

Discussion. 
Chairman Scott: I am sure we all owe a debt of thanks to Mr. Con- 
verse for the very comprehensive and able way in which he has handled 
this very important subject. The insulator problem is largely a geometric 
problem, to prevent the surface discharge, and it is a problem of materials 
to prevent the breaking down of material or the destructive discharge 
through the material itself. In this problem is involved, in addition to 
the electrical requirements, the very important one of mechanical strength. 
It is notable, as Mr. Converse pointed out, that the development of the 
insulator in use has been limited practically to two materials, glass and 
porcelain. The introduction, as he suggests, of a new material, a, material 
■of good electric properties and good mechanical properties, would prob- 
ably greatly change the solution of the insulator problem. The insulators 
which have been presented to us appear rather formidable; they are so 
much larger than the insulators we had a number of years ago. Each 
year has seen a larger and more formidable insulator. If we take 
a comprehensive view of the transmission problem, an expensive in- 
sulator is not a, vital fault. A transmission plant involves usually large 
expenditure for hydraulic development, for power house, for machines, for 
rights-of-way, for poles, for transmission lines, for substations and dis- 
tributing systems. The insulator, the critical element in the system, 
is relatively inexpensive. The actual cost of the insulators on one of 
the important lines in this country, one of the highest voltage lines of a 
considerable length, amounts to something like 30 or 40 cents a kilowatt, 
on which the interest charge per year would be one or two cents. That 
is, the charge per kw-year for insulators on some of the lines which are 
■doing good service, is only a couple of cents. Now, since the total annual 
cost of delivering a lew-year amounts to many dollars, it is easy to see 
tl!?t we could double, or increase ten-fold, the cost of the insulator, without 
materially increasing the cost of the whole. There are those here who 
have had much experience in design and operation of insulators and we 
hope the discussion will be an interesting one. Mr. Gerry's paper covers 
somewhat the same grounds as that of Mr. Converse and I have suggested 
to Mr. Gerry that he present it now and then the whole matter can ba 
discussed. 



THE CONSTEUCTION AND INSULATION OF 
HIGH-TENSION TEANSMISSION LINES. 



BY M. H. GERRY, Ja. 



There are in America at the present time, about ten systems 
operating regularly at tensions of not less than 40.000 volts, and 
transmitting energy from sixty to one hundred and fifty miles. 
Two of these transmissions employ pressures of between 50,000 
and 60,000 volts. The above mentioned systems have all been con- 
structed within the past decade, and while they represent com- 
mercial enterprises of considerable magnitude their chief interest 
lies in the possibilities which they suggest for future develop- 
ments. The following paper briefly discusses !,he problems con- 
nected with the construction and insulation of transmission lines, 
without touching upon the generation of the high-tension current, 
or its manipulation within the generating or receiving stations. 
The methods of construction and details of design described are 
drawn entirely from American practice. The term " high tension •' 
where used refers to electrical pressures such as mentioned above. 

General Design. 

In the construction of high tension transmission lines wooden 
poles have been used for supporting the conductors almost exclu- 
sively, but there is a tendency at the present time to substitute metal, 
and the more permanent material will doubtless be emploj'ed in 
the future wherever the undertakings are of sufficient magnitude 
to justify the larger investment. Excellent results have been ob- 
tained, however, from the lines now in operation, and the current 
practice may be followed with a certainty of satisfactory perform- 
ance and reasonable cost of construction. 

Many of the transmission systems are located in a mountainous 
country difficult of access, and the obstacles overcome have been 
numerous and varied. Whenever the nature of the service is ini- 
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portant a private right-of-way has usually been secured and two 
lines of poles erected. 

Cedar poles are used in the majority of cases, but redwood, 
pine and other woods are also employed to some extent. Cedar 
has an advantage over the other common woods in that it will 
last longer in moist ground. The pole tops and butts are fre- 
quently treated with coal-tar, or some preservative compound, but 
this practice is not universal. Poles for important transmission 
lines are usually selected with care, and are heavier and of better 
timber than those for other classes of service. They are of lengths 
varying from thirty-five to seventy-five feet, with diameters at the 
tops of from eight to fourteen inches. 

For conductors both copper and aluminum are employed. Copper 
is used as a solid wire in the smaller sizes, and as a stranded cable 
when of considerable dimensions. Aluminum is now always em- 
ployed as a stranded cable. With either metal the flexibility, elas- 
ticity and strength are improved when in the form of a cable. 
Copper may be obtained either soft or hard-drawn. The hard-drawn 
material has greater tensile strength than the soft or annealed, and 
for that reason is often preferred. Copper conductors should not, 
however, be subjected to a greater strain in service than the limit 
of safety of the soft metal, for the reason that the hard-drawn 
material may be annealed locally, either during erection while 
making connections, or while in service by the heating of a joint, 
or from a short circuit. Aluminum is much the lighter metal for 
equal conductivity, and this is of some advantage during con- 
struction. On account of the greater coefficient of expansion of 
aluminum, more attention is necessary to temperature conditions 
at the time of erection, so as to limit the sag and resulting stress 
developed. Equally good results may be obtained, however, with 
either metal if properly installed. 

The cross-arms in use on most transmission lines are either of fir, 
or of long-leaf yellow pine. Selected timber is usually employed, 
and the cross-arms are of special dimensions for this service. In 
the future structural steel will probably be used to a considerable 
extent for this purpose. 

The pins supporting the insulators are made either of wood or of 
metal. Of the various kinds of wood, locust, oak and eucalyptus 
are most in use. Mountain locust from old trees is perhaps the 
most satisfactory, but is difficult to obtain. Oak if well seasoned 
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gives good results, and eucalyptus has some excellent qualities. 
Metal pins are made of steel or cast iron. Steel pins are the more 
reliable, as they are not subject to flaws, and do not fail from inter- 
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Fig. 1. — Pole top for HioH-TENsioisr transmission line, ■Washington 

WATER POWER COMPANY. 

nal strains. For fastening together the poles, cross-arms, braces and 
pins, through bolts are now usually employed. 

Various details of construction from current practice are shown 
in the examples to follow. 



^Lead Cap cast on 
>i\ -" si— Eccentric Groove l"dl& 




Fig. 2. — Steel pin, Washington water power company. 

The standard pole construction of the Washington Water Power 
Company is shown in Fig. 1. This company has recertly completed 
an important transmission, one hundred miles in length, designed 
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for an ultimate teneion of 60,000 volts, althoiigh now operating at 
40,000 volts. The conductors are of No. 2, B, & S. gauge, medium 
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Fig. 3. — Poie top foe high-tension transmission plant, shawinigan 
watee & power company. 



hard-drawn, solid copper wire. The insulators are of porcelain 
and are brown glazed. The distinctive features of this construction 
are the short distance of forty-two inches between conductors, and 
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Fig. 4. — Pole top fob transmission line, madison eiver transmission. 



the special form of steel pin emplo3'ed to support the insulators. 
This pin is illustrated in Fig. 2 and is worthy of notice. It was 
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designed by Mr. D. L. Huntington, general manager of the 
company. 

Another interesting illustration from current practice is shown in 
Pig. 3, which is the pole top made use of by the Shawinigan Water 
and Power Company for their Montreal transmission. The length 
of this line is about eighty-four miles, and it is now operating at 
53,000 volts. The conductors are aluminum cable, each made up of 
seven strands of No. 7 wire. The insulators are of porcelain, made 
in three parts, and are supported on wooden pins. They were 




iiSxK'if 




This pipe screwB Into 
cftstlng at top of lower. 



■ Special rouK-posT une tower, Guanajuato power & electric 

COMPANY. 

FiQ. 6. — Pole top for high-tension transmission line, Guanajuato 

POWER & electric COMPANY. 



especially designed for this installation by Mr. Balph D. Mershon, 
the consulting engineer -of the company. 

A novel construction is shown in Fig. 4. This is the arrangement 
used by the Madison Eiver Transmission operating into Butte, Mon- 
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Figs. 27 ami 2s. — ^ds.sorm hi\er tower f()MP,\XY\s teaxsjiission lixes. 
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tana. It is remarkable for the entire absence of metal, with, the 
exception of the conductors. The cross-arm extends through the 
pole, and is held in place by wooden wedges and a T\'ooden pin. This 
line is about seventy miles in length and operates at 40J000 volts. It 
employs glass insulators supported by wooden pins, and the con- 
ductors are of aluminum cable. It was built under the direction 
of Mr. P. N. Nunn. 

A transmission which employs steel towers for supporting the 
conductors, has just been completed in Mexico by the Guanajuato 
Power and Electric Company. Fig. 5 shows a standard tower, and 
Fig. 6 the arrangement of cross-arms, pins and insulators. The 
towers are of a type used for supporting windmills, and are of very 
light construction, the various parts being fastened together by 
means of special bolted fittings. All the metal parts are galvanized. 
The towers are supported by anchors held in place by concrete 
foundations located at the four corners of the structure. A length 
■ of extra heavy 3-ineh pipe, supporting the cross-arm and the top pin, 
extends above the tower. The pins are of cast iron, and the in- 
sulators of porcelain. The spans are said to average five hundred 
feet, while the sag of the conductors is about eighteen feet. The 
conductors are of hard-drawn copper cable. This transmission 
is intended ultimately to operate at 60,000 volts. 

As a further illustration of current practice, the high tension 
lines of the Missouri Eiver Power Company, built under the direc- 
tion of the writer, are here briefly described. 

This transmission has been in service for over three years, operat- 
ing at 57,000 volts, delivering power at a distance of over sixty-five 
miles in a satisfactory manner. The country through which it 
passes is very rough as shown in Fig. 27. 

The lines leave the generating station 'at an elevation of about 
3,700 feet, pass over three distinct summits, including the Con- 
tinental Divide, at which point they reach an elevation of 7,300 feet 
above sea level. There are two parallel lines extending from the 
generating station on the Missouri Eiver to the Butte substation. 
They are located in the main on a private right of way 300 feet in 
width, from which all timber was removed. Each of the lines 
carries three copper cables arranged in a triangular position, sev- 
enty-eight inches apart. The cables are composed of seven strands 
and have an area of 106,000 circular mils. Fig. 7 illustrates the 
upper part of a standard pole. Fig. 8 is a section of the insulator, 
sleeve, pin and pole-top. 
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The poles are of Idaho cedar, the cross-arms of Oregon fir, the 
braces and pins of white oak, and the insulators and sleeves of 
glass. The cross-arms, braces and pins are held in place by means 
of through bolts. The pins in the top of the poles are of larger 
size and of greater length than those in the cross-arms, to provide 
for the greater strains there present. The pins were prepared by 
being first dried and then treated in paraffine, until all moisture wa5 
removed, and were then tested to 60,000 volts. The glass sleeves 
are not fastened to the insulators and merely rest on a shoulder of 
the pins, as shown in Fig. 8. 

The circuits are transposed five times, makiiig two complete 
turns between the generating station and the substation. The 
switching arrangements are such that the circuits may be operated 





Fig. 7. — Pole top, high-tension transmission line, Missouri biveb 

power company. 

Fig. 8.— High-tension insqlator, sleeve, pin and pole top, Missouri 

river power company. 

either singly or in multiple. A telephone circuit is located on one 
of the lines and gives good results in service. The poles are from 
thirty-five to seventy-five feet in length, and the pole-tops are from 
nine to twelve inches in diameter. The poles are set from six to 
eight feet in the ground, according to height, and the standard 
spacing is one hundred and ten feet, with a maximum spacing of 
one hundred and fifty feet, when required by the nature of the 
ground. Fig. 28 shows the lines through timbered country. 
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The constructions Just described were selected as typical examples 
of what has been accomplished in the building of high tension 
transmissions. Several of the lines mentioned have been in regular 
operation for periods varying from one to three years, and are in 
no sense experiments, but rather represent successful commercial 
undertakings. Other interesting and well-known systems might 
have been described had the limits of this paper permitted a further 
expansion of the subject. 

Line Insulation. 

The design of insulation for high pressure should involve a con- 
sideration of all the efEects of electrical tension on the dielectric 
in the vicinity of the conductors. In the case of a line insulator, 
air is always a dielectric in combination with glass, porcelain, 
wood or other materials. Wherever there is a difference of elec- 
trical potential there exists in the surrounding media a certain 
state of strain called an electro-static field. This state of strain 
is the result of electrical stress applied to the insulating material. 
Dielectrics possess "a sort of atomic elasticity, and electrical tensions 
produce a displacement in the molecular structure which, if carried 
beyond a certain limit, result in disruptive breakdown of the mate- 
rial. Before a difference of potential can exist current must flow 
into the dielectric, thus producing a state of strain equal to the 
electrical stress applied. If the material be not strained beyond its 
limits of molecular elasticity, current will flow from the material 
whenever the tension is removed or reduced, and a path provided. 
All dielectrics possess the quality of receiving strain before rup- 
tura, but not to the same degree. Solids and liquids generally 
possess it in a higher degree than gases. Whenever the limit of 
strain of a particular material is exceeded it fails structurally, 
resulting with a solid in a mechanical rupture, and with a gas in 
a change of molecular state which reduces its electrical resistance 
and renders it semi-conducting. It frequently happens when sev- 
eral dielectric materials are subjected to the same electro-static 
field, that one or more of the materials will be strained beyond the 
limit and will fail, although the others may withstand the electrical 
tension. Air adjacent to powerful dielectrics frequently fails in 
this manner, thus giving rise to the common brush discharge. 

The structural failure of air, from an engineering standpoint, 
has been studied by a number of investigators, including Mr. C. P. 
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Steinmetz and Prof. Harris J. Eyan. It is well known that air 
at ordinary pressures and temperatures has a much lower dielectric 
strength than the common solid insulating materials. Air in thin 
films adjacent to solid bodies has greater strength than in bulk, 
but is still inferior to such substances as glass, porcelain, mica, 
treated paper, etc. The dielectric strength of air is affected by its 
physical condition, and varies directly as the pressure and inversely 
as the absolute temperature. Under uniform conditions all dielec- 
trics rupture at definite applied tensions. Prof. Kyan has shown 
that there exists also for each dielectric material a certain strength 
of electro-static field which will cause rupture. When several mate- 
rials in series form the dielectric, the one rupturing at the lowest 
value of electro-static field will fail first although individually it 
may possess superior qualities. 

Line insulators are usually made of glass or porcelain, fashioned 
into a variety of shapes, all approximating certain elementary forms. 
Consider that alternating electrical tension be applied to a solid 




Fid. 9. — Tension applied to disc. 

insulating disc, as shown in Fig. 9. If the pressure be low, only 
charging current will flow, but if the tension be increased sufficiently 
the air under and about the electrodes will be ruptured, producing 
brush discharge. This results in the formation around the elec- 
trodes of a zone of ionized air, of comparatively low resistance. 
This enveloping zone of conducting air has the efEect of increasing 
the size of the electrodes, and thus the area to which the full tension 
is applied. If the tension be further increased, the zone of ionized 
air continues to spread over the surface of the disc, thereby increas- 
ing its capacity and the resulting charging current. Streamers 
will now form on the surface of the plate, and thus afford a path of 
still lower resistance whereby the current for charging the dielectric 
and ionizing the air is conducted to the outer portions of the rup- 
tured zone. When the surfaces of the solid dielectric are parallel, 
as in this case, the streamers and ruptured air zone when once 
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started, would apparently continue to spread indefinitely, were it 
not for the cooling effect of the adjacent material, the appreciable 
resistance of the path through the ionized air, and the time element 
introduced by the alternating pressure. 

Under the conditions as shown in Fig. 9, the streamers may unite 
over the edge of the plate, thus forming a short circuit, the dis- 
tance travelled being several times as great as the breakdown dis- 
tance throagh air for the same pressure. This result is not due to 
surface leakage, as frequently assumed, but is a plienomena of elec- 
trostatic capacity and local structural failure of the air as a dielec- 
tric. If instead of the pressure being applied to a small area, aa 




Pig. 10. — Tension applied to disc by means of enlarged electeodb. 

in Fig. 9, the electrode be enlarged to a plate, as shown in Fig. 10, 
the same results will follow, but the spreading out of the ruptured 
air zone will take place on one side only and at a considerably lower 
tension. If pressure be applied to an insulating tube, by means of 




Fig. 11. — Tension applied to insulating tobb. 

a conductor inside and outside, as shown in Fig. 11, the air will 
fail at a certain tension, and the results will be similar to those ob- 
tained with the plate, in Fig. 10. The streamers will start from the 
conductor on the outside at A, and will run along the tube from 
the center toward the ends, the tendency being to cover the outer 
surface with an enveloping coating of ruptured air. 

In this, as in all other cases, the streamers are drawn out in 

such a direction as to increase the electro-static capacity. If a still 

greater tension be applied, the streamers from A will finally draw 

sufliciently near to B to cause rupture of the air in bulk between B 

11 



102 OERRY: HIGH-TENSION LINES. 

and the ends of the streamers extending from A. If, under these 
conditions, the internal conductor be now removed from the tube, 
as shown in Fig. 13, the air about the point A will no longer be 
ruptured, and the streamers will cease, although the distance be- 
tween A and B, and also the conditions for surface leakage remain 
as in Fig. 11, It will now require a material increase of tension 
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Pio. 12. — Tension applied to insulating tube, intebnal conductob 

WITHDRAWN. 

to cause a breakdown between the electrodes, and this will occur 
essentially as if the tube were not present. 

After initial rupture of the air, the spreading of the streamers 
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Fig. 13. — Tension appued to insulating dish. 

Fio. 14. — Tension applied to insulating receptacle. 

Fig. 15. — Tension applied to special form of insulator. 

is afEected to a degree, by the form of the solid dielectric. Fig. 13 
indicates tension as applied to a dish of uniform thickness. Fig. 14 
to a deep receptacle, and Fig. 15 to a special form. The results 
obtained from the arrangement shown in Fig. 13 will not difL'er 
materially from those obtained from the arrangement shown in 
Fig. 9, or if one surface be made conducting, from those obtained 
from Fig. 10. In the case of Fig. 14, however, the air in the interior 
of the receptacle about the entering conductor becomes ionized at 
sufficient tension, and the conditions then existing are the same as 
if the receptacle were filled with a conducting substance. With the 
arrangement in Fig. 15 the streamers start as in Fig. 9, but upon 
reaching the downward projection they are forced along its sur- 
face and away from the streamers on the upper face of the plate, 
until a point is reached where the electro-static field is no longer 
sufficient to rupture the air, when the streamers die out and fur- 
ther spreading of the ruptured air zone ceases. 
All line insulators are made from variations of the forms just 
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discussed. Surface insulation has little to do with their per- 
formance, and excepting the faces be made conducting by a coat- 
ing of water or other foreign material, the surface leakage may be 
neglected altogether from an engineering standpoint. A wet sur- 
face, however, is practically equivalent to the metallic coating illus- 
trated in Fig. 10. For high tensions wet surfaces should be con- 
sidered as conductors, but dry surfaces need be treated only in rela- 
tion to the electro-static phenomena already described. 

A first consideration in connection with the design of a line in- 
sulator is its ability to maintain dry surfaces under all weather 
conditions. It has been frequently assumed that rain descends at 
an angle not exceeding 45° from the vertical, but this is not a safe 
basis for design. When rain is accompanied by wind at high veloc- 
ity, and especially if the air currents be unsteady and in " gusts ", 
and subject to deflection on account of the irregular contour of the 
country, it will then be found that at times the rain travels prac- 
tically in a horizontal plane. As the rain-drops are often moving at 
high velocity, there will be also considerable splashing of the watei 
where it meets obstructions, and this must be considered in pre- 
determining the dry surfaces. With insulators of the " umbrella " 
type, there frequently results a wetting of a portion of the under 
side of the main petticoat, from water splashed from other parts. 
The shape of the insulator may also result in deflecting the aii- 
currents, thus carrying the rain to surfaces that otherwise would 
remain dry. Insulators of the " Italian " and " Double-Story " 
types are frequently affected in this way. Those of the vertical 
petticoat type are especially free from this defect, as the spaces 
between the petticoats are efScient in preventing eddying air cur- 
rents from carrying moisture to the under side of the insulators. 

After determining the extent of the possible wet surfaces, con- 
sideration should be given to the distribution of potential on the 
various parts of the insulator. The tension is applied between the 
point where the conductor is attached and some other point, depend- 
ing upon the construction employed. During rains the entire upper 
surface of the insulator is at the potential of the conductor, and 
the ground potential is at the least directly under the insulator at 
the cross-arm. This condition holds with wooden construction as 
well as with metal. If a conducting pin be employed, the ground 
pressure will be carried still higher, and the tension will be applied 
across the comparatively thin material of the upper part of the 
insulator. The dielectric will then consist of the porcelain or 
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glass at this poiut, and the air adjacent to tlie conductor and pin. 
The tension will be that to ground, and for a three-phase circuit 
under normal conditions, will be less than the pressure between 
conductors, but as there are many operating conditions where full 
tension may be applied to the insulators, it is better practice, for 
the purpose of design, to assume that this is the case at all times. 
The form of the pressure curve also has an effect, as it is the maxi- 
mum tension at the peak of the curve that causes initial failure 
of the dielectric. 

If the tension as applied sets up througli the material an electro- 
static field sufficiently powerful, the air in series with the solid 
insulating material will be ruptured, and brush discharge and 
streamers vnll form, which unless checked, may extend over the 
entire insulating surface, causing short circuit. The spreading of 
the conducting zone of air may be prevented as previously explained, 
by the use of very large surfaces, or by employing deflecting projec- 
tions, or petticoats, so arranged as to reduce locally the strength of 
the electro-static field to a point at which the air will not be ionized. 
These methods, however, serve only to stop the spreading of the 
ruptured air zone, and require considerable dimensions for even 
low factors of safety. All brush discharges are wasteful of energy, 
and are destructive of organic materials. It is brush discharge com- 
bined with capacity charging current that has caused the burning 
of pins on high tension lines. Common wooden pins are practically 
conductors for high tensions, and the ground pressure is carried 
up within the insulator. When the pins possess dielectric qualities 
comparable with the material of the insulators, the tension may 
be said to be applied between the top and base of the insulator, 
resulting in a greatly increased thickness of the dielectric material. 
This usually overcomes brush discharge and materially increases 
the reliability of the insulator. For the best results insulators for 
high tensions should be so designed that under no operating con- 
ditions would the electro-static field of force ever be sufficient to 
rupture the air adjacent to the insulating surfaces. This can be 
accomplished by properly proportioning the thickness of the mate- 
rial exposed to the electric stress. 

The general dim.ensions of the insulator should, of course, be such 
that the direct air path from the conductor to the cross-arm will be 
sutficient to avoid failure through the rupture of the air in bulk. 
This is a matter of simple determination, involving only the length 
of the air path and the dielectric strength of the air in bulk at the 
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extremes of pressure and temperature, as found in service. Wlien 
insulators are made of several parts cemented together, the dielectric 
material is no longer homogeneous, and the distribution of the 
electro-static strain may be materially altered. The cements com- 
monly used, such as sulphur, litharge and glycerine, Portland 
cement, etc., possess entirely difPerent and inferior electro-static 
qualities to the glass or porcelain of which the insulators are made. 
The cement between the sections is in series with the dielectric 
material of the insulator, and is exposed to the same electro-static 
field of force. The strata of cement in some cases redistributes the 
electro-static charge. Under other conditions, the pressure is con- 
ducted directly to the cement through the ruptured air. In this 
case the semi-conducting cement becomes charged with practically 
the full terminal pressure, and excessive tension may thus be applied 
to a section of the insulator not designed to withstand it. This fre- 
quently results in sectional breakdowns, and the insulator fails 
in detail. The irregular distribution of surface potential also affects 
the outside air path, and in some types of insulators reduces the 
tension required to rupture the air between the points of applied 
tension. When insulators are made up of several parts, the cement 
employed should possess dielectric qualities comparable with that of 
the component parts, and every effort should be made to render the 
dielectric material homogeneous so that there may be a uniform fall 
of potential between the points at which the tension is applied. 

The resistance to disruptive breakdown or puncture of the solid 
dielectric is also of importance. Good porcelain or glass has, how- 
ever, such great strength in resisting puncture that if the insulator 
be designed so as to entirely avoid rupture of the air near the points 
of applied tension, it will be impossible to puncture the insulator 
under operating conditions. One-piece insulators of glass or por- 
celain seldom fail from puncture, even if thin at the top, but two 
or three-part insulators sometimes fail by puncturing one or more 
of the sections, probably due to unequal distribution of potential, as 
previously discussed. 

Of the various substances available, glass and porcelain have 
been used almost exclusively for high-tension insulators. Glass has 
excellent dielectric qualities, and can readily be obtained in desirable 
shapes, at reasonable cost. Its greatest defect is its mechanical 
wealmess, which is due almost entirely to internal strains developed 
during manufacture. Consistent design of the surfaces so as to 
obviate as far as possible shrinkage strains, and careful annealing 
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have improved the conditions of many glass insulators so as to 
render them reliable for service, but they still do not possess the 
mechanical strength of the best porcelain. Glass, however, is a more 
reliable dielectric material, and from an electrical standpoint gives 
better and more uniform results. The best porcelain has great 
mechanical strength and good dielectric qualities. It is, however, 
difficult of manufacture in considerable thickness, and is very apt 
to develop flaws and surface cracks. Common grades of porcelain 
are unreliable and should not be used for high tension work. 

While the insulator has been considered chiefly as an electrical 
device, it is still essential that it be treated as a mechanical sup- 
port for the conductors, which function it chiefly serves. Practically 
all the mechanical strains on the insulators and pins are transmitted 
from the conductor. When the line is level and without angles, and 
when the spans are equal, the strains are due only to the wind and 
weight of the conductor. When angles in the line occur, a trans- 
verse strain is developed. If the line be not level or the spans not 
equal, strains having vertical and horizontal components are pro- 
duced. All the necessary calculations for the forces acting and the 
resulting strains can be readily made by the ordinary rules of 
mechanics, and do not here require consideration. 

The following described high-tension insulators were selected as 
representing American practice: 




Fio. 16. — Section of high-tension insitlatob. 



Fig. 16 shows a brown glazed porcelain insulator, of the "imi- 
brella " type. It is made in three parts cemented together, and 
weighs about 20 lbs. This insulator is in use by the Washington 
Water Power Company already referred to in thif paper. 
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Fig. 23. 
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Fig. 2.5. 
Figs. 2] 'lo 2(i. — High tex.siux ixsi^lators. 
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Fig. 17 is a section of a glass insulator also of the " umbrella " 
type. It is made of two parts cemented togetlier, and weighs 
ISlba. - 




Pro. 17. — Section of high-tbnsion insui-atob. 

Fig. 18 shows the insulator in use by the Shawinigan Water and 
Power Company, now operating at 53,000 volts. It is of white 




Fio. 18. — Section of high-tension insuxatob. 

glazed porcelain, in three parts. Its dimensions are given in the 
section. This insulator also weighs 13 lbs. 




Via. 19. — Section of high-tension insttlatob. 

Fig. 19 is a single-piece insulator of the " Italian " type. It 
is made of fine porcelain, brown glazed, and weighs 7f lbs. 
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Pig. 30 shows a porcelain insulator of late design. It is brown 
glazed and made in three parts. Its weight is 26 lbs. 




Fia. 20. — Section or high-tension insulatob. 



The insulator shown in section in Fig. 8 is the standard insulator 
of the Missouri Eiver Power Company and is in regular service at 
67,000 volts. It is of glass made in two parts, and its weight is 
13i lbs. 

Figs. 21 to 26 inclusive are reproductions from photographs of 
the insulators shown by the section drawings above referred to. 

The developments in the construction and insulation of high ten- 
sion lines have now reached a point where no doubt exists regarding 
the practicability of transmitting energy at tensions approximating 
60,000 volts. From this time on it will be rather a question of ex- 
pediency and engineering detail to determine the best methods of 
obtaining the desired commercial results. For pressures above 
60,000 volts the field as yet is unexplored, but those who have 
followed this subject carefully agree that much higher tensions 
will ultimately be employed. The practices discussed in this paper, 
both for the general construction and for the insulation of high 
tensions, cover what has already been accomplished, but seem also 
to point the direction of future development in this branch of 
engineering. 

Discussion. 

Mr. Gekey: In opening the discussion on Mr. Converse's paper, I wish 
to call attention to one or two points in connection with insulator design 
which I believe have been overlooked. This has resulted, among other 
things, in the discussion of the relative merits of iron and wooden pins. 
There is little ground for discussion on this point; both iron and wooden 
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pins have their respective values in particular cases. When properly ap- 
plied, either will answer the purpose. Furthermore, because of these cer- 
tain points having been overlooked, the great differences have arisen in 
high-tension insulator designs. I have recently examined an insulator 
weighing 50 pounds, having petticoats 36 inches in diameter, but it 
did not possess proportionate strength for withstanding the ordinary con- 
ditions of line operation. Mr. Converse has stated that surface leakage 
has an important bearing on insulator design. My experience has been 
that leakage, as it is ordinarily understood, plays little or no part from 
an engineering standpoint. Unless the surfaces be covered with water, 
salt, or some conductive powder, there is no appreciable leakage of current. 
However, a somewhat similar effect on the surfaces may be produced 
by a film of ruptured or semi-conducting air, resulting from the applica- 
tion of too great electro-static strain. The electrical tension is applied 
to the opposite sides of the solid dielectric, but in an insulator the di- 
electric includes, in addition to the glass or porcelain, the air immediately 
surrounding the electrodes. Under these conditions, when pressure up 
to a certain point is applied, very little current flows into the dielectric — 
only the small amount required to charge the material immediately adja- 
cent to the conductors. If the tension be now increased, a point is 
finally reached at which the air near the electrodes is ruptured. This 
results in what is commonly known as brush discharge. The air becomes 
semi-conductive, and the electrode in effect expands, causing the charging 
current also to increase. This seeming expansion of the electrode, when 
once started, would go on indefinitely were it not for certain conditions 
tending slightly to retard it; such as the cooling effect, shape, and nature 
of the surface of the solid dielectric, and the time limit introduced by the 
current wave. 

What actually happens, after the air is ruptured, is that the brush dis- 
charge finally extends over a certain limited area on both sides of the 
insulator. A comparatively slight increase in the potential applied will 
now greatly increase this area. In nearly all insulators recently designed, 
the solid dielectric is thin at the top where the tension is ordinarily ap- 
plied. It follows that the air at this point is easily ruptured, and 
the brush discharge spreads from the electrodes over the surface of the 
insulator. Once started, it requires only a moderate increase in the tension 
to cause this brush discharge and its accompanying zone of ruptured air, 
to extend such a distance that an arc starts and a breakdown of the 
insulator results. Metal pins or wires inside the insulator, cause the 
tension to be applied directly across the thinnest part of the insulator, 
while insulating pins if of proper quality, form a part of the main di- 
electric, resulting in the tension being applied at more widely separated 
points. With most insulators in common use, conducting or semi-conduct- 
ing pins have been employed, and this accounts for the very narrow 
margin of safety mentioned by Mr. Converse in his paper. This factor of 
safety may be increased, however, by consistent designing of the insulator, 
or by the use of an insulating pin. It is thus possible to increase many 
times the thickness of the solid dielectric to which tension ia applied. 
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tliereby enormously increasing the factor of safety under given conditions. 
If an insulator such as shown by Mr. Converse in Fig. 8 be supported on 
an insulating pin, it will be impossible to break it down, except through 
the main air path, and brush discharge will not start until the air in 
bulk is about to fail between the points at which the tension is applied — 
the tie wire and the cross-arm. This result is due to the fact that the 
solid dielectric is then of svitRoient thickness to prevent the formation of 
a sufficiently strong electrostatic field to rupture the air prior to the 
point of rupture being reached through the direct air path. This is one 
of the points to which I wish to call attention, and it is of the greatest 
importance in connection with insulator design. If high potentials are to 
be applied to very strong and comparatively thin dielectrics, the air ia 
bound to rupture, and it will be necessary to resort to extreme sizes of 
petticoats to prevent the spreading of the brush discharge thus formed. 
If, on the other hand, a more logical design be followed, and the insulator 
so proportioned, that brush discharge will not result, then the insulator 
may be strained practically to the point of failure of the air between 
the points where the tension is applied. 

Chairman Scott ; If we consider both high-tension commercial service 
and time, I believe we must accord to Mr. Gerry the honor of having 
operated at the highest voltage over the longest time. He has been 
operating nominally at 50,000 volts but actually at 55,000 volts, in con- 
tinuous commercial service for two years and a half. His line is about 
sixty-five miles from the power house of the Missouri Power Company, 
near Helena, to Butte, Montana. Other plants have operated at a little 
higher voltage, others have operated at longer distances, but taking all 
together — high voltage, length of time, continuity of service, amount 
of power — his plant may be taken as one of the foremost if not the fore- 
most example of high-tension transmission at this time. I believe he told 
me that he had not lost an insulator through break-down on the line due 
to electrical causes. 

Mr. Converse: Mr. Gerry prefaced his remarks by the statement that 
his ideas of the essential features in the design of an insulator were 
somewhat at variance with those expressed in my paper. On the con- 
trary, I think we closely agree as to one of the most serious defects 
in the design of high-tension insulators, which is the lack of a sufficient 
thickness of material around the head. Mr. Gerry mentions the brush 
discharges which occur around an insulator, and I believe made cer- 
tain experiments with dielectrics of different shapes in order to show 
the character of the brush discharges. He then applies the experiments 
in the design of an insulator and, I infer, finds the proportions of the 
insulator. Mr. Gerry's analysis discloses nothing new, and its results 
are rather doubtful. It would seem to be desirable to devise some way of 
measuring the potential difi'erences between the various parts, in order 
to determine the rational design. I am inclined to agree with Mr. Gerry 
that wooden pins have been burned by the brush discharges and not by 
surface leakage of current. As to whether an iron pin will become a 
detriment in a very high-voltage insulator, I am in doubt; but incline 
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to the belief that it may be found to be the means of securing the proper 
distribution of potential. 

Dr. F. A. C. Perkine : In these two papers, two essential elements in in- 
sulator design are stated, namely, that the potential gradient from wire to 
ground, whether the ground be pin or whatever it be, shall be as gradual 
as possible, and that all surfaces exposed shall allow as complete a distribu- 
tion of potential as is possible. These two principles, I think, are the 
absolutely essential elements of insulator design, and it is fortunate that 
in the midst of a lot of floundering, the men who have been actually build- 
ing high-potential insulators have at last arrived at a correct scientific 
theory of the design of an insulator. Mr. Gerry has, fortunately for me, 
expressed very clearly the first principle. If we have two surfaces charged, 
then the tendency to break dovni the air is proportioned to what we may 
call the potential gradient from one surface to the other. As we narrow 
their distance, the potential gradient becomes steeper and there is more 
tendency to discharge around their edges. The other point is simply 
the question of discharge between surfaces. We all know that if we have 
two points presented to each other, there is a greater tendency to dis- 
charge than if we have two planes. We have al the petticoat edge of every 
insulator what is essentially a line of discharge. Now, to reduce the 
tendency to discharge from a line to any surface, we have to present to 
that line a semi-cylindrical surface. If we have in equivalent position 
a plane surface, there is more tendency to discharge to the nearest line 
in the plane than if an equipotential semi-cylindrical surface was pre- 
sented at a distance equal to the minimum distance of the plane. In 
consequence, in all insulator designs, we will have the least tendency to 
discharge from the circular line formed by the bottom of a petticoat which 
is a conducting line, as Mr. Gerry has explained, in every rain storm, if 
the next surface to which it can discharge is an equipotential surface. 
That insulator is the best which has the lowest gradient of potential from 
the wire to ground and which has from its conducting points relatively 
dry surfaces in the next step to earth, which are described as circles around 
those conducting points. It is very nice to say that this is all theory 
which we have known for years. That may be true. At the same time 
we have not been applying it for years, and we have not understood its 
application to insulator design, and it is only through the work of such 
men as Mr. Gerry and Mr. Converse that we have been brought back to 
what Maxwell actually taught us about insulators. The most successful 
insulator design that I know has been carried out on these lines, and that 
insulator is one which has obtained a higher value of its breaking-down 
strength than any other that I have known tested, for its weight and 
inches. This insulator, which I think weighs about twenty pounds and 
is fourteen inches in diameter at the top, has its end of petticoats curved 
on the radius drawn from the line of discharge, the beginning of the circle 
being the horizontal distance where we may be sure that it is dry. This 
form of insulator is perfectly quiet in operation at 120,000 volts, in ordi- 
nary weather. In a, severe shower from a hose it discharges over at about 
107,000 volts. This particular insulator (referring to another design in 
Mr. Converse's paper) is an insulator which weighs over forty pounds, has 
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three inner petticoats, and discharges over at about 2000 volts less than 
the insulator (last described), although there is less than half the material 
in the latter. The arcing distance of any insulator can generally be 
calculated correctly by the nearest distance between these points which 
are wet and the next neighboring petticoat; simply add those distances 
together and look at your table of sparking distances, and you will 
generally find very- closely the potentials at which the insulator would 
discharge under severe water conditions. 

Dr. Louis Beul: One thing which should be brought vigorously to at- 
tention in these questions of insulator design is the possibility of getting 
practicable porcelain or glass for the work. By some strange fatuousness 
in the last few years each insulator designer has striven to outdo the 
others in size. Now, where you are attempting to stop leakage, it does not 
seem to be very advantageous to increase largely the surface over which 
leakage is possible. One would say that the less area and the greater 
linear distance along the line of potential gradient that can be obtained, 
the better off you Aiould be. The consequence is we have had insulators 
rising frBm five, six, seven, ten inches in diameter up to that bath-tub of 
which Mr. Gerry spoke, which could be guaranteed oflf-hand to fail simply 
on account of the impossibility of getting porcelain of that size that is 
worth the power to blow it up. You cannot take a mass of cheap 
porcelain that you are trying to produce at the minimum figure, and get 
any valuable insulating qualities. By correct design not only is it possible 
to get longer distances so far as the striking is concerned, but it is possible 
to reduce the size and n-eight of the whole thing so that at least there is a 
possible chance of getting good porcelain. That, I think, is the line along 
which future design has to advance — to design scientifically, get all out 
of your material you can in the way of distances. The dielectric strength 
will generally take care of itself. I have seen so many bad porcelains 
turned out for these insulators, procelains that you really wouldn't want 
in a baking dish, the cheapest kind of porcelain, shabby, with holes in 
the glaze and with the biscuit of the porcelain porous enough to take 
up water like a sponge. Those bad porcelains come with an attempt to 
make these enormous structures which really have not as great efficiency 
as the smaller structures. And as regards the question of wooden and 
iron pins, as Dr. Perrine has stated, it comes right down to a question 
of potential gradient. If you think the insulator will sustain the potential 
gradient, very well. Design your insulator so that it will sustain it and 
you will have no trouble with iron pins. I think there is no question in 
the mind of anybody who considers an insulator from the standpoint of 
potential gradient, that if you had a porcelain pole you need not worry 
about your insulators very much. Well, wood is a great deal worse than 
the porcelain, but at the same time a well treated pin, such as Mr. Gerry 
has referied to, is a, great deal better as an insulator than soft steel. And 
if you are on the ragged edge of practicability with your insulator, you 
want all the insulating strength near it that you can possibly get. The 
question between wood and steel seems to be the question of fact as to 
whether we can get, under practical conditions, an insulator that will give 
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an adequate factor of safety while still carrying the earth's potential right 
up into its interior. It is not a question of theory at all; it is simply 
a question of fact. If you can get an adequate factor of safety in that 
way, all very well. 

Mr. E. KiLBUEN Scott: I would like to ask the author whether he has 
any experience as between the relative values of brown and white procelain ? 
We find in England that the brown is not such an attractive mark for the 
small boys' catapult; but there is a feeling that the brown is not so good 
an insulator. Of course, the main thing in high-tension insulators is to 
get a vitrified material, which, when it is broken, shows a bright surface 
right through and which is not spongey or absorbent. What method is 
adopted for fastening or cementing the iron pins to the porcelain? If 
the iron is simply screwed into a thread, the porcelain is liable to crack 
off. I believe it has been suggested that a, worm of lead should be placed 
between tlie threads of the iron and the porcelain. If such has been tried, 
I would like to Ijnow whether it has been successful. If I might criticise 
the author's design of a. composite insulator, I think that a side-stress 
would cause the edge of the porcelain to chip badly where they come 
together. At the same time I consider it is a. good thing to cover up 
the pin with porcelain. This was done with the Ganz insulators on 
the Valtellina Railway; but the pins in this case were of iron. With 
wooden pins, it might prevent sparking to the wood. I understand that 
these sparks gradually make tiny pin-holes, and it is only a question of 
time when sufficient pin-holes will cause the pin to collapse. 

Mr. Converse: The last speaker evidently lias not understood that the 
purpose of the insulator shown in Fig. 12 was for an experiment, and 
not introduced as a commercial type. The results with the insulator, 
however, are along the same lines as Dr. Perrine has shown, except that 
I think Dr. Perrine furnishes a possible improvement in the shape of 
the outwardly extending petticoats. 

Mr. E. S. Hutton: Fig. 11 is about the form of insulator that we are 
using on the coast. The paper shows one that has a little trough around 
the edge with a drip-point on it. Those are the ones we formerly used, 
and what we call the eleven-inch insulator. Some of the types shown 
have given us trouble down near the ocean in the salt-air district, as we 
call it. Those insulators have all been tested on the rack and stand the 
test; but after they are put on the line, we find that after a time the 
wooden pins bum off. After taking one of these apparently defective in- 
sulators from the line, thoroughly cleaning it off, and putting it back on 
the test rack, it stands the test of 120,000 volts perfectly. The separate 
parts of the first ones used, were put together with sulphur, and we had 
some field fires that we were not able to account for. We afterwards 
found out that it was due to the fact that the leakage heated the in- 
sulator to such an extent that the sulphur was set on fire, and as it 
dropped down, set the grass on fire around the poles. We have now 
adopted a metal pin, made of the ordinary gas pipe; we are using l%-incl\ 
pipe, which is drawn down at one end and slightly roughened, so that a 
lead sleeve with threads can be cast on. These we find have given very 
satisfactory results. We find this particularly true for the reason that 



i74 



GERRY: HIGH-TENSION LINEa. 



having such a tall insulator, when we used wooden pins, they did not 
have sufficient strength, particularly for corner work. The iron pins 
stand up perfectly straight, keep their position, providing the balance of 
pole-top is properly constructed. We have recently adopted a new corner 
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pole-top. (See accompanying illustration.) This is a form we use where 
we have a heavy angle, even as high as a 90-degree angle in a line. 
Instead of setting two poles for a corner, we now use but one, for we 
very often find, particularly in running through a city, that it makes the 
construction look rather unsightly, to put two poles on a corner; and in 
giving the proper distances, between the poles, it brings one of them around 
on the street directly in front, in such a way that it interferes with people's 
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property. We find that if we put one pole on a corner we can get along 
much more agreeably. It will be noticed by examining the illustration that 
these pin-holes are spaced in such a way that on a 90-degree angle there 
are 22l^ degrees deflection on each insulator. With this arrangement, 
the corners stand up very prettily. The insulators have no tip to them 
at all. The cross-arms are made long enough in these cases so that the 
spread of the wires is exactly the same as it is in other parts of the line. 
I would like to ask Mr. Gerry if this type of insulator has even been 
tested with a metal pin or with a metallic sheeting around it, with metal 
in the top, or metal pin? 

Me. Gerry : It was tested until the potential went clear around. When 
the potential was applied below it did not break through. This applies 
to an insulating pin, the dielectric qualities of which compare favorably 
with those of the glass. Such a pin may be of wood. Of course, wood 
is not an ideal material for an insulator because it is unreliable in some 
respects, but by proper treatment, especially with the vacuum process, it 
becomes an excellent dielectric. With such a pin supporting the insulator 
the results will be as I have stated. 

Mr. Hutton: That is on the assumption this pin is absolutely dry. It 
seems to me that where we have trouble with the fog, the under part of 
the insulator gets just as wet as any other part. Sometimes we have 
the land foga without any wind whatever. This is due to the steaming 
of the land, from the fact we have the under-flowing water in the gravel 
beds and the coldness of the atmosphere above makes the ground steam 
and the fog simply rises and practically steams the insulators. The 
reason I asked Mr. Gerry about that particular test is because on this 
other insulator we usually test by raising the potential until the arc 
goes clear around the insulator, and if there be any weak points we find 
that the spark strikes at some point to shorten the distance, and I was 
wondering how that air gap would stand if you used a metal pin. What I 
want to get at is whether that particular form would be of any use with 
a metal pin. Mr. Converse spoke about the method of testing insulators, 
which was to use a salt-water solution. I would like to ask him if 
there are any reasons why, after an insulator is tested until the arc goes 
clear around, and is held there for a few seconds and there is no break- 
down, that is not as good a test as putting it in salt water? 

Me. Converse: The salt water being a conductor, it serves to make 
connection all around the head of the insulator, and all around in the 
thread where the pin goes, thus giving a much better contact than could 
be obtained with metal. Also, in the case of a porcelain insulator, if 
there are any cracks or flaws, or if there is any tendency to absorb 
moisture, the salt water will percolate through and expose the defects. 

Sig. F. Caeini: In answer to question of Mr. E. Kilburn Scott about 
the brown glaze insulators, there is a difference between brown glaze 
and white glaze insulators, namely, the brown-glaze insulators are usually 
made of common stoneware, and only have a very thin layer of glaze 
composed of silicate of soda, produced by the decomposition of salt, 
whilst the white porcelain has a very thick layer of silicate of alumina and 
lime. Concerning the wooden or iron pin, we have always used iron pins 
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in Italy, having never had any occasion to use, or to ask for, wooden 
pins, and are quite satisfied with our iron pins. As to attaching the 
iron and the porcelain, we have tried the lead cap; we cement a thin 
copper cap inside of the insulator, and this system has been lately pat- 
ented throughout the world. I want to ask of Mr. Gerry, what is the co- 
efficient of safety he would suggest for insulators? I mean, for instance, 
at what voltage should an insulator, meant to withstand 20,000 volts on 
the line, be tested? 

Mk. Gerby: That is always a matter of engineering judgment. The 
higher the better. At the present time insulators may be obtained having 
a factor of safety of from two to three, but as the art advances it will 
undoubtedly be desirable to use a much higher factor. 

2ilr. T. J. Crbaghead: In answer to Mr. Kilburn Scott in regard to 
the fastening of iron pins to insulators, I would say that I have had some 
little experience in that connection, from one point of view only — not in 
the operation, but in the design and manufacture of the pins. In that 
experience we have used two methods, one of which is very common and 
the other not so common. In the case of a malleable iron pin atl,..^..ed 
to the cross-arm by means of a steel stud, we have put a little enlarge- 
ment on the head of the malleable iron, and fastened this malleable pin into 
the insulator by means of a lead compound, or by means of cement. In 
the other case, which is a little less frequent and one we look upon 
with a little more favor, there is a malleable iron pin, which has a 
specially designed wooden head. The particular size I have in mind runs 
about 8% inches above the top of the cross-arm. The malleable casting 
is made about 9/16-inch in diameter and it has an enlargement on the 
head with a thread cut upon it. We screw upon that a wooden thimble, 
in some cases treated with oil or paraffine. It is screwed down on this 
enlarged head, and that acts as a cushion for the portion of the glass or 
insulator. As to mechanical tests, we find that this insulator will break 
with about 1000 pounds of side stress, which we look upon as very satis- 
factory. A side stress of a thousand pounds per wire is as much as the 
ordinary pole-line, properly guyed, will stand. 

Secretary Bell: The hour of adjournment is now slightly overdue, so 
that we will hold any further discussion that there may be on this paper 
Friday morning, at which time will be taken up the paper by Messrs. 
Kelly and Bunker. Upon motion, the Section adjourned. 



SOME DIFFICULTIES IN HIGH-TENSION TEANS- 
MISSION AND METHODS MITIGATING THEM. 
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In discussing the conditions which afEect and limit the oon- 
fitants and operation of high-tension lines, pressures of over 30,000 
volts and Unes af over 50 miles in length only will be oo'iusidered. 

The usual relations beitween voltage and length of line, namely, 
■" 1000 volts per mile," or " the pressure in thousands of volts 
equals one-third the number of miles," cannot be aippHed generally 
until all sources of interruptions are taken into account, so 
that the length of transmission does not altogether determine 
the voltage to be used, for a voltage as high as possible will be 
used and its value be determined from local and climatic condi- 
tions. 

These wiU be the principal factors in the design of any line, as 
all the other constants, except, perhaps, the kind of conductor, axe 
interdependent upon them. Since there is always some doubt as 
to the successful maximum operating voltage which these con- 
ditions will permit, and just how the line will be affected, it is 
well so to design the step-up and step-down apparatus that, vnth- 
out seriously affecting its capacity, several voltages, say 30, 40, 50, 
and 60 kilovolts, or even higher, can be obtained at will. This 
arrangement will permit the power to be transmitted with the 
highest possible voltage, and the causes which prevent the use of 
the next higher pressure can be studied and overcome if possible. 
As a new plant is usually started with a load less than its capacity, 
tliere will be no serious decrease in the efficiency by this method of 
experimenting. 

The principal causes of interruption of the supply of power in 
the past and at the present time are : Open-circuit, grounds, short- 
circuits, and other circuit changes which produce oscillations. 
12 177 
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These are directly and indirectly traceable to weak insulators, 
lightnings defective pins, burning of poles at the ground, storms, 
and to a class which might be called unexpected sources. All the 
above may not be oommon to one locality, but all may exist on a 
single system. It may be said that where the quality and design 
of the apparatus and accessories for the generating and sub-sta- 
tions have been selected with regard to their requirements, and 
where such are afterward intelligently handled, almost the entire 
list of troubles which are at the present time affecting the con- 
tinuity of power service, may be credited to the line. 

In designing a transmission line, experience has shown that the 
most careful study of local and climatic conditions should be 
made in order that all the facts and data bearing on these and their 
probable effects may be obtained. 

It has been demonstrated that one transmission line for voltages 
over 30,000 will not give continuous service except when ideal 
climatic conditions exist. There is one, and possibly two, plants 
that have given continuous service for more than a yeaj, with 
two circuits each, and with climatic conditions better than gen- 
erally exist. It is believed that, in some localities, even with du- 
plicate lines, the best insulators obtainable at present, and with 
perfect circuit-breakers, the maximum voltage which would per- 
mit continuous operation or delivery of power would be 40,000 
volts, or possibly 50,000 volts with the utmost care and diligence. 

The selection of the line-imsulators depends entirely upon the 
voltage, mechanical strength required, and the localities through 
which the line passes, more particularly the latter, as lines have 
been operated at 4.5,000 volts with two or three types and sizes 
of insulators in as many different section®. The design of the 
insulators should be such as to give the smallest amount of still-air 
space and the greatest accessibility for wiping by hand. Fog oc- 
curring at the same time or intermittent with soil, factory, or car- 
dust is one of the surest causes of trouble, and reduces probably, 
to the greatest extemt, the effective commercial size and value of 
insulators. Upon exiamining a large number of insulators which 
had to be removed, it was found that the dust, with which they 
were coated, was thickest in the still-air spaces, and was as thick 
on the vertical as on the horizontal surfaces. It has been found 
that where insulators were subjected to fogs or dust alone (except 
sea-fog), the same number of troubles did not occur as when both 
appeared together. Where insulators are covered with dust parts 
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of each year, it has been necessary to shut down tihe circuit from 
one to three times during the dust season to wipe them clean. 
This can be done while in position and without disturbing them 
unless they are found to be damaged. 

Tlie fact that insulators are successfully tested for high voltage 
before they are put up does not necessarily prove that they will 
not cause any trouble when on the line. Insulators which were 
tested for 130,000 volts water test for one minute have given 
trouble in less than a month after being placed on a 40,000-volt 
line. Other types which had stood 40,000 volts waiter test for five 
minutes have been known to be unsatisfactory for 13,000-volt city 
(overhead) service, though this would not hold in every city. The 
greatest value of electrical test for insulators before being used is 
to determine whether the various parts are homogeneous and 
whether they have been properly cemented together. 

If an insulator was made up of three separate pieces, each 
having been tested for say 80,000 volts before cementing, it does 
not follow that the completed insulator will stand 240,000 volts 
or even 120,000 volts. The striking distance of the completed 
insulator, together with the quality and manner of cementing, de- 
termines very largely the final test voltage, even though they have 
sufficient creeping surface for a higher voltage. 

In cementing a large number of insulators together, it was noted 
that the percetntage broken down under test could be reduced al- 
most one-half by a little more care in the method of cementing. 
When insulators are glazed together at the factory, a uniform 
insulator should be obtained. The conditions for transmission 
are very good, if, for continuous use, 1 per cent of the insulators 
does not have to be replaced each year. Taking a circuit having 
12,000 insulators installed, there would be at least 120 renewals 
each year. Each poor insulator is liable to cause a disturbance or 
"interruption, and the system might be subjected to an average of 
30 per month. 

If some seasons of the year are more severe on insulators than 
others, there may be more than 30 cases of trouble per month. 
It has been observed that, where insulators were giving trouble on 
a line operating at 40,000 volts, reducing the pressure to 30,000 
volts did not produce a like or immediate decrease in the num- 
ber of insulators broken per month. The total number remaining 
seemed to be in a more or less weakened condition, and would 
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continue to break down after the line-pressure was reduced, though 
after a certain period of time, the breakage per month was less. 

The difficulties of taking care of lightning discharges increase 
much more rapidly than the line-pressure, for the reason that any 
disturbance or change in circuit coinditions, produced by getting 
rid of, or dissipating, a charge in a circuit having high voltage 
and high inductive and capacity reactances, may set up oscillations 
which, if not serious to apparatus, are disastrous to regulation and 
service. Various combinations and multiples of low- voltage types 
of arresters have been used, but where these have not had the 
proper addition of a resistance, they have seldom failed to be com- 
pletely destroyed when the particular stroke or circuit change 
occurred. It has been clearly shown that the same arrester could 
not, without special adjustments, be used on all parts of the cir- 
cuit, and that arresters performing their function for a lightning 
stroke, or taking the kick-back from a short-circuit opening, when 
a given number of generators, length of line, or traoisf ormers were 
in circuit, would not so operate for another number of generators, 
transformers, or length of line. This may have been due to the 
increased inductance in circuit obtained from a smaller number of 
generators or transformers, to a longer length of line, to the nature 
and duration of the arc in opening the short-circuit, or to any 
number together of these conditions. Where a resistance is used 
with any type of arrester, in order to keep the value of current 
which would flow over the arresters, to a given percentage of the 
load-current, the amount should be such that five or six times the 
normal impresised voltage can be taken care of. 

A modified form of the Siemens' arrester has been used on cir- 
cuits up to BOjOOO volts with a fair degree of success when they 
were correctly adjusted for the different positions of .the circuit, 
and, where a resistance was placed in series, the voltmeter cards 
were not painted badly when lightning or a short-circuit occurred. 
This design can be greatly improved, and no doubt would give 
very good results and thoroughly protect connected transformers. 
Their low cost, ease of construction, and their outdoor service- 
ability are points in their favor. 

Perhaps the most reliable arrester is one consisting of an in- 
ductance and condensaiice in parallel, so that any frequency varia- 
tion from the normal would cause a certain value of current to 
flow. This type, immersed in oil, would be rugged, and could 
easily be adjusted for any position of the circuit. 
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One of the best means of dissipating an induced charge or 
stored energy in a line is by having a dis(tributed load along the 
circuit. If this load has a grounded neirtral, the effect of a light- 
ning stroke will be greatly reduced and more easily taken care of 
by the regular arresters. The star-connected line with grounded 
neutral has, however, some disadvantages of equal importance, 
which should be carefully considered before being adopted. 

In practice, next to troubles from lightning, short-circuits on 
long lines of low ohmic and high inductive and condensive react- 
ances produce the most serious consequences. It is, therefore, 
necessary to use accessory apparatus which will discharge the 
circuit between wires, as well as between circuit and ground. This 
point should not be lost sight of in the selection of axresters, and 
in their connection to the circuit. When a line is short-circuited 
from any cause, there is a rush of current, the value of which de- 
pends upon the impressed voltage and the impedance of the cii-- 
cuit up to the point of the short-circuit. When this current is 
suddenly interrupted, the voltage induced depends upon the con- 
stants of the circuit and increases in value with the length oi 
circuit, distance between wires, the amount of inductance of the 
connected apparatus, the inductance of the ruptiiring arc and its 
duration, the impressed voltage, and the instau'taneous value of 
the current when the short-circuit is opened. This induced volt- 
age will be small or of little importance if the short-circuit is 
opened at or near the zero value of the current. In operation, in- 
duced voltages have been observed when opening a 40,000-volt 
100-mile line when short-circuited, of from 2^ to 6 times the 
normal voltage, as measured by the length of air-gap broken dow]i 
by the kick-back. In the more severe cases, some point of the 
system usually suffers; that is, there will be a discharge or arc 
across some point of the line or transformer terminals, a punctur- 
ing of transformer coils, break-down of insulators, the destruction 
of lightning-arresters, or some other like effect. In nearly every 
case the circuit is put out of service unless efficient arresters are 
used. The fact that there is not more damage done than would 
seem likely from the voltages observed is, no doubt, due to the 
property of solid dielectrics of withstanding momentarily very 
high voltages and which would be punctured in an interval of 
time. Air having the property of breaking down immediately 
upon the application of the proper voltage for the gap is the 
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probable reason why these manifestations more commonly occur 
in air, from terminals, and around other dielectrics. - 

The troubles from the charring of wooden pins were due to the 
continual leakage of current over dust-coated insulators. In some 
localities, pins would lasit o^nly from one to three months. This 
was entirely corrected by placing a metal short-circuit around the 
pin. Molding at the thread, which is often noticed where the 
line passes through a marsh, can be prevented only by the use 
of a metal pin. Several lines have now been equipped with steel 
pins and no new troubles have developed, but, on the contrary, a 
decided decrease. It would seem that for large high-pressiire lines 
steel pins should be used exclusively. Their initial cost is from 
one and a half times to twice the price of wooden pins, though 
cheaper in the end. Soft lead gives better results for the thread 
than any composition. The moulds should be made so that enough 
lead can be used to extend a little way below the bottom of the 
thread, as this will give a good bearing to the insulator oveo- and 
above that obtained from the thread. This will greatly add to the 
mechanical strength of the insulator and of the line, as, with the 
ordinary pin, the insulator is the weakest element of the line. 
Precaution should be taken to have the thread portion short 
enoiigh so as not to come in contact with the top of the insulator. 
This will prevent the tops being forced off when the insulators 
are put on the pins, and will allow a firm seat at the other end 
of the thread. 

The service given by wooden pole-line oonsitruetion is subjected 
to interruptions from falling and burning poles, due to decay, 
freshets, forest or grass fires, the lajge number of insulated points, 
and from the necessary short length of the poles. The decay of 
poles can be greatly lessened by contdnual inspection and care after 
they are up. The idea that poles of the right kind of wood for 
the soil can be placed in the ground aind last for 10 or 20 years 
has been the cause of many and costly repairs. One e-yeor-old 
redwood line, with butts treated before raising, had to have 33 per 
cent stubbs. Another redwood line, untreated, had to have 10 
per cent stubbs in three years. Another line of untreated cediar 
poles required 35 per cent stubbs in six years. In long lines and 
even in some short ones, soils may be found that have an entirely 
different effect upon the life of the same wood. 

Engineers are many times prevented from buying poles at the 
proper time to have them cut, on account of the interest charge 
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on the cost of the poles and erection, from the time the poles are 
paid for to the time when the wires are strung. The freight and 
hauling charges on from one-fourth to one-third more weight will 
ofEset a large amount of the interest charge. The result is that 
the poles are put in green and, unless they are afterward treated, 
decay will hegin in a short time. If it is possible to obtain sea- 
soned poles, their life will be much increased by thoroughly treat- 
ing the butts before raising than by any subsequent single treat- 
ment. When green poles are used, no treatment should be given 
before raising, but the butts should be treated aftea- the first dry 
season, and retreated every second or third season after, this de- 
pending upon the material used and condition in which the pole 
is found. There are on the market several kinds of treating ma- 
terial which are showing good results. This after-treatment con- 
sists in digging away the earth from the pole for about 18 ins. 
below ground-line and treating this surface, together with that 
18 ins. above ground-line, after tihe decay and earth have been 
cleaned off. The old ground-line should then be changed by bank- 
ing earth up around -the pole. The cost of this treatment varies 
from $0.60 to $1.00 per pole, depending upon the location of the 
poles and the kind of material used. 

At the same time the butts are treated, the pole-tops, gain 
cuacks, and ends of the arms under the dead circuit should be 
painted. This is the best-known method whereby wooden con- 
struction, as a general thing, can be made to last the so^tated 20 
or 25 years. 

The burning of the poles at the ground has been the cause of 
interruptions even where the line was patroled twice a day, but 
the remedy is simply a question of persistence and expense in 
keeping the right df way cleared of all grovpth. It might be noted 
hei'e that, even with a generous right of way kept cleared, the 
wind may carry the heat from a iire toward the line. Two cases 
are on record where the heat from 'a forest fire along a pole-line 
was not great enough to harm in any way the wood arms or poles, 
but did cause large numbers of glass insulators to crack and fall 
to the ground. Porcelain is less affected by heat than glass, and 
probably would not have caused as much breakage. 

Some of the unexpected sources of trouble show how detailed 
must be the design and care of a line, and what insignificant and 
harmless-looldng objects and oocurrences may cause the coia.plete 
shut-down of a circuit. After everything imaginable has been oon- 
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sidered and provided for, there may still be accidents. One casie is 
known where some dried hay was carried up into a 40,000-volt line, 
with the result that it was set on fire and produced an aire that 
shut off the power. The burning hay, being carried on by the 
wind, did considerable damage. On another line, a flock of peli- 
cans flew into the telephone circuit which was strung seveiral feet 
below the power wires. The span was something over 600 ft., with 
a sag of 19 ft. The telephone wires were struck so baxd as to 
wrap them around the power-circuit. 

Another case was where a long piece of light bark was blown 
several rods across a 42-in. line, with the usual result. On the 
same line, during one season, there were three interruptions, in one 
locality, caused by large birds getting across two of the wires. 

The falling out of step of synchronous apparatus, while not fre- 
quent, does happen and, unless the breakers operate promjptly, 
other apparatus may add to the trouble and the circuit be opened. 
On the other hand, with proper attention to field strengths, syn- 
ehronjous motors have several times been known to keep in step 
during temporary shori;-circuits on their connected direct-current 
generators, the direct-current breakers being purposely set at a 
high current or tied in. 

The question as to whether wooden poles or steel towers should 
be used for a given transmission will be determined by the advan- 
tages of one over the other for the conditions to be met. 

In countries where wooden poles are plentiful and inexpensive, 
it is probable that every expedient will be resorted to before- steel 
t'^'^ers are used. 

One of the principal advantages of wooden conigtruction is, that, 
in case an insulator is broken, allowing the wire to come against 
the arm or pole, the burning which takes place almost immediately 
in most oases may continue for several minutes before a blaze is 
started which will short the_ circuit. Several times it has been 
observed that from 20 to 30 minutes elapsed from the time trouble 
was first noted by the ammeters or telephone until it was neces- 
sary to shut off the circuit. In one case a 40,000-volt (grounded 
neutral) wire lay on a dry cross-arm for several hours before the 
circuit could be shut off, and at the end of the time the arm 
was not badly charred. With a duplicate line, ample time would 
in most cases be given for changing from one circuit to the other, 
or to cut out the affected circuit, providing the telephone line was 
operative or the men at both ends recognized the difficulty. 
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For the past four years, engineers have tried to adopt, where 
possible, steel towers, instead of wooden poks, as a means of cor- 
recting a large number of line troubles. 

At first thought, towers would seem to solve all difficulties pre- 
viously experienced and certainly do eliminate a great many. The 
spans can be increased, so that as few as eight towers per mile 
can be used with safety. This would greatly reduce the number 
of iuBuktors which can be larger, and the means foT their attach- 
ment to the towers can be quite elaborate without exceeding the 
cost of the other construction. The height of towers can be 
greater, which will decrease troubles from wires, bramcthes, and 
other material being thrown or blown across the circuit and reduce 
the breakage of insulators from the heat of forest or grass fires. 
If galvanized, or painted, occasionally, their life would be greater 
than could be expected of wooden construction. 

Towers can be erected in places even more difficult of access, 
since they can be taken apart in pieces of lighter weight than a 
wooden pole. They would offer a more or less good lightning path 
to ground which would help to prevent the injury to connected 
apparatus, but will no doubt subject each insulator to greater 
strains. Any leakage around, or puncturing of, an insulator will 
mean the immediate shut-down of the circuit, and, in order to 
prevent the shut-down of the entire system, overload and reverse 
circuit-breakers of the best possible design will have to be used. 

Auxiliary insulation of sufficient mechanical strength oould be 
used to reinforce the insulators carrying the conductors, as the 
towers would be able to carry considerably more weight than 
wooden poles for the same cost per mile. 

The most economical design of a tower is not suitable for a good 
many places where the line would have to be erected, and could 
only be universally used on a private right of way. On railroad 
rights of way, narrow county roads, village streets, etc., the spread- 
ing base would not be allowed, and resort would have to be made 
to steel poles, which for the same strain and height would be 
more expensive. 

The distance between wires is usually determined from the 
highest voltage which can reasonably be expected as a limit, as 
determined above. The rule that the distance between wires in 
inches equals one and one-half times the number of thousands of 
volts is safe so far as the striking, or repeating, distance is con- 
cerned, though to correct for arcs holding on for a time after once 
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established would be impossible. Where the cost of erected polea 
is high, or the right of way expensive, two circuits per pole-luie 
should be used, and, with good wooden construction, mechanical 
difficulties would limit the distance between wires to at most 
CO ins., which would allow a line voltage of say 50,000 or 60,000. 
This distance between wires is for spans not over 150 ft. to 200 ft. 
The size of wire is determined from the load, voltage, length of 
line, losses allowable, etc. Five per cent energy loss per 50 miles 
with 60-cycle frequency gives a line which can be taken care of, 
but a smaller loss should be obtained where important lighting 
service is had in connection with a fluctuating load. On account 
of the distance and pressure, a charging current, at no load, is 
required of the plajit, which at 60 cycles and one line 100 miles 
long, or 30 cycles and two lines, would require a generator as 
large as 2000 kilowatts, so that, unless more than this capacity had 
to be delivered as load, the system would not be economical. In 
order to be perfectly flexible, this amount of power would have 
to be carried over one circuit. The wire would, therefore, be 
large enough for mechanical reasons, and the energy loss per in- 
sulator, or per unit length, would be negligible, except, perhaps, 
for voltages over 60,000. 

There is one plant in operation which, if the energy loss per 
insulator, or unit length, was as much as calculated from experi- 
ments, it would not be able to deliver load. 

In stringing the conductors, especially if they are of aluminum, 
attention must be given to the temperature at the time the wires 
are tied in. This might seem to many to be a useless and tedious 
process; but a set of curves showing the sags for given spans and 
tempei-aturee, in the hands of a careful line foreman, will give 
a line good in appearance, and at all times safe from overstrains. 
It is not so important to know what the maximum sag for maxi- 
mum temperature will be, as the maximum strain at lowest tem- 
perature, with sleet, if any, taken into account. Aluminum cables 
are made which are as strong as copper for the same eonduotivity. 
When conductors are given the proper sag, a given safe tension, 
3an be maintained for longer spans than would ordinarily be used 
in transmission work. There are a number of spans over 600 ft. 
in length, and have been in operation for two or three years. 
These have been closely watched during wind-storms, to see what 
deflection would be given to the wires. Three aluminum cables 
7/8 in. diameter, 600 ft. span, 19 ft. sag, were deflected from 30 
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dcgs. to 45 degs. from the vertical by a wind that was estimated to 
be 70 miles per hour. All three conductors kept their relative 
position when deflected, and there were no perceptible waves or 
vibrations in the cables. 

It is claimed by some who have had the opportunity to notice, 
that in longer spams there is less tremor, vibrations, or waves 
passing over the span when there is a wind than when there is 
none. 

All observations of the writers show that, for spans of 600 ft. 
at least, there is no tendeaicy of the wires to swing together in 
ordinary storms. Tornadoes would no doubt twist the wires to- 
gether, but that would not be the worst damage done. 

The height of poles or towers would depend upon the sag and 
whether or not a telephone circuit was strung underneath. "With 
spans of 660 ft.^^ the sag for aluminum would be about 20 ft., and 
with a telephone circuit 6 ft. below, a 65-ft. tower would give a 
clearance below the telephone wires of 39 ft. 

A clearance of 35 ft. below the lowest power-wires is little 
enough for places where a house or derrick is liable to be taken 
under. 

The frequency to be adopted depends upon whether the power 
is to be supplied to already installed apparatus of a given frequency. 
For long lines, a frequency of over 60 cycles will give a regulation 
difficult to allow for. The lower the frequency, the better vrill be 
the regulation of a line for a given load, the smaller will be the 
generator capacity required to charge the line, and the voltage 
drop will more nearly approach the IR of the circuit. For a 
given line, there is only one particular value of current where 
the condensance of the line will be neutralized by the inductance; 

Note. — It Is frequently stated by some engineers that a three-phase 
circuit should be strung with the base of the equilateral triangle on top 
in order to prevent more than one-phase being shorted by wires being 
thrown over the circuit and in order that synchronous motors will continue 
to operate untjl they can be thrown on to another circuit. 

If a sketch is made of either a star or delta circuit, and a wiie shown 
across two of the circuit wires, it will be seen that two of the phases 
instead of one will be shorted, and that what remains is a modified single- 
phase, with varying constants depending upon the resistance and the swing 
of the shorting wire. 

It has been observed, under the conditions, that a synchronous motor 
will, if carrying load, immediately fall out of step. For mechanical rea- 
sons, it would be better to place the apex at the top in order to reduce the 
pull from the pole top, and for electrical reasons, it would be as well, since 
the men in charge of the line cannot be present to select the kind and length 
of wire that is to be thrown over the circuit. 
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SO that this fact also decreases in importance. The swing of the 
power-factor at the power-house will not be so great and the point 
of maximum power-factor will he nearer full load. For a new 
system, or where possible, over 30 cycles should not be used. 

With the general use of A. C. railway motors, 15 cycles or less 
may be advisable. 

The power-wires of a single- or double-circuit line should be 
transposed with reference to the power-taps and talking-points. 

Experiment has shown that transpositions at stated distances 
need not be made and may not give as good results as the first 
method. With two circuits, one should be transposed in the oppo- 
site direction to the other; although there is one double-circuit 
line operating satisfactorily as far as the telephone is concerned, 
with one of the circuits run straight through. Experiments maide 
with a power-line without transpositions and a telephone trans- 
posed every fifth mile placed 5 ft. below the power-wires, gave a 
pressure to ground of from 2100 volts to 3800 volts when the 
line-pressure was 40,000 volts. With 30,000 volts, the telephone 
voltage to ground was reduced in the same ratio. 

By giving the power-vnres two-thirds of a rotation between 
power-taps and talking-points, this voltage was not readable on a 
Weston or hot-wire 150-volt voltmeter. The induced voltage was 
due to capacity, and in none of the tests wa? there any measure- 
able eleotromagnetically-induced voltage. 

The large number of fatal accidents, whicih have occurred in 
the past from the telephone circuit being placed on the same poles 
with and under the power-wires, would wairant a separate pole- 
line, even if the service were no better. 

A telephone is most needed at times of line disturbances, and 
at such times it is rarely of service. The induced voltage on a 
telephone circuit, even where power-line transpositions are made, 
when one or more of the power-wires are out or grounded, is high 
enough to be dangerous to life and to set fire to adjacent woodwork. 
The distance between the two circuits should be at least 6 ft., and 
8 ft. would be better. In stringing the telephone wires, the same 
sag should be given as to the power-wires. For lines over 50 miles 
in length, copper or aluminum should be used instead of the regula- 
tion No. 9 BB. 

The question of high-tension switches and circuit-breakers is 
one of the most important in the operation of a system. They 
should be of the most approved design only, and placed at both 
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ends of a circuit and at intermediate, or cross-over, points. All 
pol&s of a three-phase switch, or breaker, should work together 
and not singly. A switch which tests satisfactorily in the shop 
may not operate in service ; so that it should be placed in position 
and opened 10 or more times under the most severe conditions 
with which it is likely to meet, before it is pronounced safe. All 
breakers and switches should be provided with cut-out switches on 
each side, so that they can be taken out of a live circuit for repairs. 

Discussion. 

Mr. Bunker: There was a statement made yesterday in the discussion 
that there was no ground for argument on the advantages of iron over 
wooden pins. There are some localities where wooden pins have no doubt 
been entirely successful; but as a, general case, I would like to take ex- 
ception to that statement, because there are plants now operating where 
they have a great deal of trouble with pins, and some of the pins only last 
from one to six months, until they begin to burn or mould, while in some 
cases they burn entirely off within that time. There was also another 
statement made that the burning of pins was due to the brush discharge 
and charging current of the pin. I suppose the charging current was due 
to the electrostatic capacity of the insulator itself. It ■fras not stated 
what the brush discharge was due to, but if there was a brush dis- 
charge around the insulator it was either due to the fact that the in- 
sulator was not large enough for the voltage under normal conditions, 
or else that the insulator was covered with some dust or dirt. Now, in a 
given line, the pins are subjected to the same static pressure at all times. 
Some of them lasted two years and over, and have not been changed yet, 
being apparently as good as they ever were, while in other localities the 
pins have been changed as many as three times in one season. These 
were wooden pins, and I might say were made with as great care as pos- 
sible. The sap was boiled out of them, and they were then treated in oil 
at about 100 degrees Centigrade, so that the insulation of the pin, when 
new, was perfect. You could subject a pin along its length to 60,000 
volts without any effect and could leave it there as long as desired. 
Tlie pins were of eucalyptus wood. 

Mr. E. KiLBURN Scott: When you say "burning,'' what do you mean? 

Mr. Bunkee: When you put an insulator on a line, using wooden pins, 
and everything is new and clean, there is no discharge or sound from it; 
but after it stands awhile, in certain sections you begin to hear a dis- 
charge, and if you watch the insulator at night, you will see, up in the 
thread portion underneath the inside petticoat, a discharge taking place. 
This gradually begins to burn the wood and after a while burns the pin 
entirely off at the bottom of the thread. Pin holes are at first made but 
after the char becomes general, it keeps getting deeper and deeper as a 
regular burn. There is only one remedy for moulding and that is a metal 
pin. I am not able to state what would take place where a line crosses a 
fresh v.ater marsh, but I do know in a salt-water marsh that a pin that 
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lasts six months is considered to be doing well. That rot or mould has a, 
white appearance and is very soft. When you take the insulator oflF, you 
can very easily rub the threads off with your thumb. The treated pin 
appears to mould as rapidly as the untreated pin. The pins are treated 
with boiled linseed oil, after the sap is boiled out and drying, then being 
subjected to the hot oil, but not in a vacuum. 

Dr. Louis Beli.: In this suggestion of treating pins, I asked whether 
they were treated by vacuum treatment, and I regard that as of funda- 
mental importance. You can boil even a thing so porous as a coil of wire, 
in insulating material, — • for instance, melted parafRne — until you get 
black in the face and give up in despair, and then take it out and the 
insulation will not have thoroughly penetrated. Put that same coil of wire, 
in vacuo, in hot insulating material, and you see the gases rush out of 
the thing, and the whole surface of it foams for minutes. After that is 
over, the insulation has a chance to creep in. I therefore should ascribe 
some troubles to which Mr. Bunker refers, to the fact that although the 
pins were thoroughly treated, apparently, there was no small amount of 
material which the insulation did not fully penetrate, so that while it 
would hold the voltage for a while, the remaining air and moisture would 
sooner or later get in their work, the air helping the oxidation and the 
moisture gradually working itself through the structure. I should like to 
see the thing tried with pins which had been very carefully and thor- 
oughly dried, to see whether the time effect would take place to the same 
degree. 

Mr. Bunker: On the other hand, you take a metal pin and put it in 
the same locality and you would not have any trouble at all. 

Dr. Beil: Save perhaps in puncturing the insulators. I approve of 
metal pins from a, mechanical standpoint, but when we are fighting this 
high voltage I think if we can get any insulation strength below the main 
insulator on which we depend, we are so much better off in the desperate 
fight against creeping due to atmospheric moisture and to dirt accumu- 
lating on the insulator. If we could have a porcelain pole, in other 
words, we wouldn't have very much trouble in protecting insulators. 
The more insulating material we get in series, the lower potential 
gradient we have, and the less trouble we are likely to have. So that if 
it prove to be possible, as I hope it may, to use some absolutely non- 
metallic material for the pins, we shall be vastly better off than if 
carrying our ground to within an inch or half or three-quarters of an 
inch of sixty or eighty thousand volts. When we do that, we pin all our 
faith on the insulators, and insulators, as we see from this paper, some- 
times fail; they do so much oftener than we like to have them. 

Mr. E. KiLBUBN Scott : How would you stop the moulding of the pin? 

Dr. Bell: I do not believe, with a properly designed insulator, the 
moulding of the pin, which is due largely to the brush discharge, as far 
as we have been able to ascertain, is going to take place, and I think in an 
iron-pin line, particularly with iron towers, you are depending too much 
on the insulator. Anything that happens to that insulator means just 
one thing — a complete shut-down, because you have grounded the whole 
circuit. As very properly noted here, you can have some troubles on a 
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wooden pole line without causing that. And while eventually we may, 
and probably will, use both steel pins and steel towers very largely, 
that being a matter which has to be treated symptomatieally, still I do 
not believe that an attempt to get an insulating pin should be abandoned 
at the present time, and I do not think that with proper treatment of 
the pins, and with a properly designed insulator — in other words, an 
insulator which will hold back, as far as possible, the brush discharge — 
the matter of burning the pin, which in some places has been very serious, 
is going to take place to anything like the same extent. At least it is to 
be hoped so. 

Mr. Bunkbk: There is one thing I would again like to bring up in 
that connection, and that is that when the insulator and when the pin 
are new, "when they are both clean, there is no brush discharge that you 
can detect, either by sight or sound; the brush discharge only occurs later 
on, as the insulator becomes coated with either fog or dust. And it has 
been my experience with all high-pressure discharges of a static nature, 
where they were produced from transformers, that they immediately set 
fire to combustible material. 

Dr. Beu:,: There is no doubt that treated wood has insulating prop- 
erties of a fairly good quality. The question is whether they are perma- 
nent. With many transmission lines, they have been using pins under 
conditions which would lead one to expect trouble, and yet the trouble 
has not occurred. Of course, if the insulators are allowed to get dirty, 
you will get dynamic discharges anyhow, after a certain point, particu- 
larly if subjected to salt fog or anything of that kind. But it seems to 
me that throwing away the insulation of properly treated wood, is not a 
thing which should be done without due cause, and I do not think that 
the burning trouble has been sxifficiently general as yet, to make one feel 
that it should be thrown away without any further attempt to improve 
the question of insulating the wooden pins. We have had wooden pins 
described on several lines — for instance, Mr. Gerry's — where they have 
been in absolutely successful use, as far as we can find out, and it strikes 
me that these brush discharges are due very largely to an imperfect design 
of insulator. Of course, where you have dust storms, as in the case of 
some of the plants west of us, which coat the insulator with mud, or 
with moisture which is more or less dusty, it is very hard to keep up 
the insulation in any way. But in the face of the fact that some of 
the very large high-voltage plants are* using wooden pins successfully, it 
does seem to me that throwing up the game and depending on the insula- 
tion strength of insulators alone — which is great, of course, but still 
is subject to failure — is an unwise proceeding. I think we want to 
exhaust the possibilities of an insulating backing for our lines before we 
absolutely throw it aside. I hold no brief for wooden pins at all; am 
perfectly willing to use the steel ones when I can get them combined with 
insulators that will meet the requirements. But anything in the way of 
additional precaution seems to me justifiable. 

Mr. N. J. Neaix : I should like to ask whether you have had any use of 
glass shields for pins? 

Mb. Bunker: No, I have never had any experience with glass shields. 
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The only shield we did have was a small sleeve at the base of the pin. 
This cracked off, having simply allowed the dust to collect around the pin 
and prevented the rain cleaning it off. 

Dr. BEii: The glass shield was practically a pretty deep petticoat that 
Mr. Gerry used, but it simply protects from these brush discharges. Under 
the existing working circumstances of the line there is no trouble from 
that cause. The pin and insulator, whether steel or wood, must be treated 
as a single structure. The support of the line depends on the electrical 
and mechanical strength of both those elements, and that is generally the 
weakest point in a line, from both standpoints. But it seems to me that 
Mr. Gerry's immunity from trouble with pins is to be ascribed to his 
very successful and careful insulator design more than anything else. 

Mr. Bunkee: I think it due to climatic conditions more than anything. 

Secretary Bbix: Possibly. 

Me. "NTf. at.t. ; I think the insulator, mechanically, which Mr. Bunker 
has in line, would appear to you as being the same as Mr. Gerry's; be- 
cause the latter has simply a sleeve on which the insulator rests, while 
the former has a long sleeve attached to the insulator and the space 
below this, where the pin could be exposed, has been covered with a. small 
porcelain sleeve. 

Me. Bunkeb: They simply allowed the dust to get in, and there was 
no way to clean it out. 

De. Bell: The absolute difference in experience between Mr. Gerry 
and yourself must have some basis. Both insulating systems were un- 
questionably built with skill and care. The difference may be purely 
climatic. The fact remains, however, that Mr. Gerry, on a very high- 
tension line, has been using wooden pins with complete success, so far as 
we can find out from him. 

Mr. Bunkee: The result to be obtained is the smallest number of 
shutdowns possible. Now, in a fog section we have had as many as 
twenty-six shutdowns in a month from broken insulators and wooden pins. 
We have changed as* many as 600 wooden pins in a month. When we 
got on the steel pin the number of line troubles was grea.tly reduced. 
The voltage is 40,000, but even at 30,000 volts, if you can get better 
service with a steel pin, that is what you want to use. 

Mr. N. A. EcKABT: I would like to ask Dr. Bell if, with pins treated 
by the vacuum process, he would expect the trouble to arise from moisture 
still in the pin or due from outside conditions, from atmospheric con- 
ditions. 

De. Bell: I should expect the trouble would largely come at first from 
the fact the insulating material had not worked thoroughly into the pin; 
in other words, had left it only partially filled. Second, from the fact 
that the presence of moisture and air remaining would gradually tend to 
damage the insulating material which had worked in. In other words, 
I shouldn't think it anything remarkable if some of the moisture, under 
stress of heat and cold and diffusion in time actually got through; so 
as to damage the insulating properties which had been obtained initially. 
I have never had any chance to compare, on a large scale the vacuum- 
treated pin with one that is merely boiled, but I know, from considerable 
experience in forcing insulation into material in general, including wood. 



KELLY AND BUNKER: HIGH-TENSION TRANSMISSION. 103 

that the vacuum process is the only way of getting all the moist air out 
of the pin. 

Mr. Bunker: There is another thing I would lilie to mention in regard 
to that point, and that is the burning and moulding takes place inside 
of the insulator above the lowest contact of the insulator with the wood, 
so that you get very little oxidation action from the air. In fact the 
greatest moulding is at the top of the pin. 

Dr. Bell: Mainly on the thread where the fibers are cut crosswise? 

Mr. Bunker: Yes, but it is away from the air; 

Secretary Bell: Well, partially away from the air. 

Mr. Bunker: But at that point, the threads, of course, are the most 
saturated with oil. 

Secretary Bell: May -be. 

1Mb. Bunker: There is no question of that. We sawed several pins 
through to see. 

Chairman ScOTT: A gentleman who in recent construction has con- 
centrated himself along the wooden idea, both in poles, pins, cross-arms, 
braces and everything else, so that everything is wood and no metal at all, 
is Mr. Nunn. If he can add something to our discussion now we will 
let him have the opportunity for a final word on this question. 

Mr. P. N. Nunn : The experiences of the Telluride Power Company seem 
to show that wooden pins are all right when rightly treated. The 40,000- 
volt Utah transmission was put into service in 1897, when 16,000 was the 
highest voltage elsewhere used. This was an advance at one step from 
16,000 to 40,000 volts, — nearly thrice. That transmission has now been 
in operation for seven years, has been entirely successful, and is in opera- 
tion to-day. The same pins and insulators used at the start are still in 
use — paraffined locust pins and Provo type glass insulators. These have 
since been used everywhere, and in no known case have pins been burned 
cr replaced, except on account of broken insulators or the severest salt 
storms. The insulator has been criticised in all quarters, and its un- 
deniable success has been attributed to the parafiined pin. Now that pin 
is said to be bad. The Provo insulator is certainly inferior to those now 
generally used for 40,000 volts. It was designed in the day of 16,000 
volts maximum. These later and better insulators represent the advance of 
seven years in insulator development. The Provo insulator was known to 
be inadequate to use with metal pins; hence they were used with wooden 
pins impregnated with parafiine by the following method, previously de- 
vised and since used: 

Clear, straight-grained locust pins are stirred for six to twelve hours in 
vats of hot parafiine at 150° C. and then kept submerged during slow 
cooling. If the pins are green, the boiling must begin at a low tem- 
perature, be slowly raised, and be continued much longer than if dry; but 
no matter how dry they may be, water vapor will be freely liberated for 
some hours, this part of the treatment being little more than a method of 
kiln drying. While slowly cooling, however, the condensation of water 
vapor remaining in the wood provides a most perfect " vacuum process " 
which sucks in the still liquid parafiine. If a sliver be removed from tne 
center of a pin treated in this manner, it will be found well filled with 

parafiine 

13 
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On one occasion during a severe storm following a long period of dry 
weather, partial grounds developed upon a section of line supplied with 
insulators from a certain shipment which had been improperly annealed. 
After the storm, over 50 broken insulators were removed, yet no inter- 
ruption had occurred and few pins had been burned. According to the 
results of a laboratory test, published a few years ago by a prominent in- 
sulator manufacturer, the entire capacity of the Provo plant should not be 
sufficient to supply leakage current to half its lines in bad weather. Yet 
the facts are that leakage has never been appreciable. Wooden pins are 
said to burn with slightest leakage, yet brush discharge has rarely been 
visible, and then only ^^■hen insulators and pins have been heavily coated 
by salt storms, and no difficulty has been met from burned pins. These 
salt storms are believed to be as severe as any sea-coast spray, and it 
does not seem probable that serious trouble would be met upon the coast 
with properly paraffined wooden pins. 

Me. Bunker: Just one thing I would like to mention in regard to the 
last remark, and that is that where we removed several wooden pins 
we put the same insulators back onto the steel ones without experiencing 
any trouble. My argument in regard to the iron over the wooden pins is 
simply as a general case. I agree with you and Mr. Gerry that in a great 
many localities wooden pins are all that could be desired, but in other 
localities something else will have to be done, either in the treatment of 
the pin or the use of steel. 

Mr. K. Landtmanson : I should like to ask if for all voltages wooden 
pins are used! 

Chaieman Scott : I think I am right in saying that both kinds of 
pins are used; that in general wooden pins in work that would be called 
transmission work; sometimes where the wires are heavy, iron pins are 
used. One difficulty with the pin on the higher voltage is that they 
need to be lai-ge and consequently the metal pin is especially desired on 
account of its strength, and in high-tension work the pole lines are out 
over the mountains and sometimes have longer spans, so that the diffi- 
culties of construction and inspection are greater than with the low- 
voltage lines which are not so long. I believe I am correct in saying that 
wooden pins are generally used for the lower voltage work where they 
can be used. That is the preference. 

Mr. Landtmanson: If you have a line of, say 50,000 volts and if an 
insulator broke down, have you found danger from touching a pole? I 
have heard that a man has been killed who touched the wire with a wet 
ladder, and I think if we have, say, 50,000 volts between two wires, 
and if an insulator breaks down and the wire then touches the wooden 
pins, that the leakage can be so great that a man who touches a pole 
can be killed by it. 

Me. Nunn: No one has ever been seriously injured in that way. A 
few poles have been carbonized along a streak down one side throughout 
their length. Leakage can be determined by feeling the pole near its 
bottom. 

Mr. E. KiLBUEN Suott: Where you have great depth of insulator, I 
think pins made of malleable iron are good; because they can be made 



KELLY AXD BUXKER: BIGH-TEXSION TRANSMISSION. 105 

with a good broad base to rest on the cross-arm. Tliey might also have 
a vitrified surface. 1 have seen many articles of steel or other metal fur- 
nished with quite a thick coat of glaze or enamel and tiity could be 
dropped on the ground vpithout breaking the glaze. I should think the 
glaze might be of value from the standpoint of insulation. Regarding 
wooden pins, I think I can safely say that there is no such thing in all 
Europe. We are quite satisfied with steel pins; but then, of course, we 
do not have your very high pressures. As I may not have an opportunity 
of referring to it again, I may mention that in some of the British 
colonies, there is great trouble with the white ant. If, in such places, a 
wooden pole were to be placed in the ground, all the inside wood would be 
eaten away; indeed they would think nothing of invading the cross-arms. 
The poles must, therefore, be of iron, or be composite; i. e., have an iron 
socket in the ground, and only the upper portion of wood, as at Cauvery 
Falls. To give an idea of what the white ant is capable, there is a story 
of an Anglo-Indian official who left his house in India for some con- 
siderable time. Tlie white ants penetrated the legs of a table, and after 
they had cleaned them out and the table top, they crawled up and ate the 
inside of the family bible. When the official returned, everything seemed 
all right until he laid something on the bible, when it went right through. 

Mr. J. S. Peck: One thing struck me as rather interesting as show- 
ing the difference of opinion of eminent engineers on the same subject. 
Mr. Baum told us a couple of days ago that when you exceed 60,000 volts 
lightning protection need not be considered. Mr. Bunker says the diffi- 
culties due to lightning discharges increase much more rapidly than the 
line pressure. I would like to ask Mr. Bunker whether he has ever tried 
the arrangement he speaks of in his paper — that is, an inductance and 
condenser in parallel with the lightning arrester and air gaps? 

Mr. Bunker: I should have stated that it has only been tried in 
laboratory experiments. That is Dr. Kelly's idea of an arrester, and it 
has never been put in practical operation. As regards lightning pro- 
tection, V7hen the voltage goes up, I think nearly everybody will agree 
that inasmuch as the impressed voltage is a function of your troubles, 
the trouble is going to increase. For instance, at 25,000 volts we would 
have very little trouble as compared with 40,000. 

Mr. E.. S. HuTTON: I think the proper construction of Mr. Baum's re- 
marks is, that as lightning arresters had given considerable trouble at 40,000 
volts, if you attempted to go higher it would be harder to make a suc- 
cessful lightning arrester. We know we have lightning arresters that 
are quite successful at ten, fifteen, twenty thousand volts. Some may 
have been made that are giving good service on even higher voltage; but 
it stands to reason that when 40,000 give trouble, and considerable 
trouble, that if you go to 60,000 you are going to have more. Now, Mr. 
Baum meant this: That with the particular conditions which we have 
on the Pacific Coast, severe lightning is very infrequent, and as it does not 
bother us a great deal, it is not necessary to have any elaborate system of 
lightning arresters. Therefore, the horn arrester has practically an- 
swered the purpose. As we increase the insulation on our whole system, 
which is necessary to be done, of course, with increasing voltages, I 
think we shall have less trouble from lightning, but at the same time it 
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would be more difficult to make a lightning arrester to take care of it if 
you did attempt it. 

Mr. Peck: I think the point you made last was the thing he had in 
mind — that the lightning effect is, in a sense, constant and that the 
factor of safety which you have in a high-tension plant is such that the 
lightning effect, added to the normal pressure, is not sufficient to break 
down the system. At least that is the argument I thought he advanced. 

Mb. HurroN: Mr. Baum stated the other day when his paper was 
being discussed, that no poles, to his knowledge, had ever been struck by 
lightning. Just before Mr. Baum was connected with the company, the 
Sacramento-Colgate line was struck about ten miles, I think it was, 
from our snb-station. The transformers were connected at the time at 
both ends on the high-tension side, but the low-tension sides were cut 
out and the line was not being used. Two poles were completely de- 
stroyed- The line is run along a county road which is fenced off with 
barbed wire, and it tore all the posts to pieces in the span between the 
two poles and pretty nearly consumed the barbed wire, but the line wires 
on the pole and the insulators were uninjured. The cross-arms were all 
split to pieces and lay in a tangled mass, about half up the pole. There 
was not the slightest kind of a burn on the line wire. Nobody knew 
anything about it until we tried to put current on the line. As the 
wires were together in contact, they did not get any chance to burn from 
an arc and when we sent a man out he found this mess. 

Mr. E. Kir.BURN Scott: Of course, the inside of the metal socket pole 
I referred to just now is filled with concrete. White ants never crawl 
outside of anything. Another difficulty which has to be considered in the 
East is the monkey difficulty. In some cases these animals will climb 
up the poles, and the only way to prevent them is to wind barbed wire 
around the poles. The ordinary spiked ring which deters a small boy or 
a native is of no use with a monkey. Perhaps some day we may be able 
to print danger notices in the Simian language. 

Me. Neall: Mr. Scott's remarks lead up to one conclusion that I think 
has been lost sight of, and it is this: If we could depend absolutely on 
the insulator, and use metal pole construction throughout, we should 
then know exactly the weak points of the line, and by making due allow- 
ance for the insulators and their effect on the line — such for example as 
their capacity effects at times of line disturbances — we could anticipate 
the troubles more closely and consequently have better service. 

Mb. Nunn: Without doubt metal pins will eventually be used with 
each successive transmission voltage, but they should be used only when 
that voltage and its insulator have passed their experimental stage. In 
pioneer work insulators are always likely to be worked to a very close 
margin, and then they should be supplemented with treated wooden pins. 
Chaieman Scott: In the remarks Mr. Nunn has just made he has 
struck the key-note of transmission work as it has been in the past, and 
while we are apt sometimes to consider that things are pretty well es- 
tablished, the same word I think will apply for many years to come — 
pioneer work. As we branch into new fields of high-voltage work, we en- 
counter new experiences; new things, as well as matters which were of no 
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concern before, come up to the first rank in importance. Talte our whole 
discussion this morning and what has it been? It has been on the in- 
Bulator pin, a thing which a man not familiar with the subject would 
think one of least consequence, but we have found that it is one of the 
vital points; that the different methods of construction and treatment, 
and the experience which in one place and by one man differs in many 
ways from those of others. Now, one of the pioneers in this work, a 
man who has already said in his remarks a few minutes ago what I in- 
tended to say at this time, a man who went ahead years ago and used 
a voltage three times that which was in common use, which sounded 
higher in those days than a hundred thousand volts sounds now, a man 
who went ahead with a plant of that kind and has made it work, and has 
been one of the leaders in power transmission work in the West, is 
Mr. Nunn. So far as I know, Mr. Nunn has never been before a technical 
society before with a paper on this or any other subject. I think that we 
are especially to be congratulated on having Mr. Nunn at this time present 
a history of this pioneer work. This Congress ought to deal somewhat 
with the past as well as the present and future. 

Mb. Btjnkeb {communicated after adjournment) ; There seems to be a 
prevailing idea among many engineers that a rainy or a wet season is 
something to be feared in the operation of a high-tension line. As a 
matter of fact, experience has shown that fewer line troubles occur in a 
wet than in a prolonged dry season, due to the cleaning effect of the rains. 
Forty to fifty thousand volts have been thrown during heavy rains onto 
long stretches of dead line with no more disturbance than under normal 
conditions. The first rain, however, after a duration of dry or dusty 
weather which has permitted the insulators to be covered with dirt, 
causes increased leakage due to the mud formed. With proper insulators, 
a wet season is to be preferred to a drought, so that wet pins have not 
actually proven to be a disadvantage. 

A further cause of the burning of wooden pins other than leakage, is 
due to the fact that when the insulators are coated with a more or less 
conducting material, they become condensers of greater or less capacity 
which reduces the value of the pin as an insulator. The small contact 
area of the insulator with tlie pins, increases the density of current flow to 
an extent which produces heat enough to char the wood. Where this 
contact area is increased by using a metal pin, or a metal short around 
the wood pin no burning takes place. The use of insulating materials of 
various values in series has the same effect here as in other places, where 
it is more commonly known and breaks, or tends to breali down, the 
insulation having the least dielectric strengtli. These small insulator 
condensers simply add to the capacity of the system, and if the small 
condenser currents can be prevented from causing burning action as by 
the use of metal connections to the supports, the insulation of the line is 
thrown back where it belongs, namely to the insulator. 
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During the winter of 1890, the year preceding the famous Prank- 
fort-LaufEen experiment, apparatus was installed for the first com- 
mercial, high-pressure, alternating-current power transmission of 
the world. From that beginning has grown The Telluride Power 
Company. 

The mining district surrounding Telluride, San Miguel county, 
Colo., is at the same time one of the most rugged and one of the 
richest in the Eocky Mountains; but its inaccessibility and the con- 
sequent cost of producing power caused the financial failure of 
many important enterprises in the early days of its history. The 
statement made in the Annual Eeport of the Treasury of the 
United States, in 1901,^ that " For the growth of its mining in- 
dustry, San Miguel county is indebted to the Telluride Power 
Transmission Company more than to any other agency," is borne 
out by the fact that at the present time all of the important mines 
and mills of the district are operated by power furnished by this 
company. 

The Gold King mill, situated at an altitude of 12,000 ft , where 
the cost of fuel for steam power had become prohibitive, was the 
first to be operated by means of this power. This property had 
been attached in 1888 to satisfy a continued deficit in operations. 
Mr. L. L. Nunn, the attorney retained by the owners, found that 
this deficit was largely due to the enormous cost of power, and that 
there would have been a handsome margin if power could have been 
furnished 'at not more than $100 per hp-year. Down in a deep 
gorge of the valley, over 3000 ft. lower, but less than three miles 
away, two mountain streams formed at their confluence the South 
Fork of the San Miguel river, offering cheap and continuous power. 
A stay of proceedings was secured ; and, as a means of transmitting 
this power, cable drive, compressed air and continuous-current elec- 

1. Annual Reports of the Treasury of the United States. Report of the 
Director of the Mint, page 135. 
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tricity were all investigated. The limitations of each were apparent, 
while the advantages of alternating current and higher pressures 
became gradually recognized, and a decision was reached to attempt 
their use. This decision was due less to the immediate saving in 
oopper, than to a keen sense of the limitation of continuous current, 
and faith in the final success and ultimate superiority of alternating 
current. 

During the investigation which followed and while selecting ap- 
paratus, little but incredulity or ridicule was encountered. Eastern 
investors in the enterprise were annoj'ed by predictions of promi- 
nent engineers, and discouraged by their insistence, that the experi- 
ment would prove a miserable failure and the expenditure go for 
naught. It was said that there was no alternating-current motor; 
that oil insulators must be used, and that the line must be fenced in. 
However, a generator and a motor for 3000 volts and of 100 hp. 
each were ready for trial in the fall of 1890. Difficulties caused 
by ice at 40 deg. below zero, by speed control over unusually high 
water pressure, by avalanche, by blizzard, by electric storms un- 
Imown in low altitudes, and many other troubles, now generally 
forgotten, but then most serious, marked every step of progress. 
Notwithstanding all of these, unqualified success from the begin- 
ning caused gradual and constant growth, until at the present time 
the Telluride company and its allied industries have six power 
stations and nearly a thousand miles of line in Colorado, Utah, and 
Montana. 

Following its pioneer power transmission, it made practical ex- 
periments as early as 1895 with pressures which have never, even 
yet, been exceeded, and for thrfee years it operated commercially the 
highest pressure transmission of the world. Thus the record of 
its work becomes an important chapter in the history of power 
transmission; but it must readily be seen that the limit of this 
paper precludes the possibility of describing all, or even a sub- 
stantial part, of its pioneer work. 

The initial installation, purchased through Mr. F. B. H. Paine, 
■comprised a generator installed in a rough cabin upon the site 
■of the present Ames station and belted to a 6-ft. Pelton wheel 
under 380 feet head, and a motor at the mill 2.6 miles distant. 
The two were identical Westinghouse single-phase alternators of 
100 horse-power, the largest then made. The generator was 
separately excited, while the motor was self -exciting. Each carried a 
12-part commutator and was slightly compounded through current 
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Fig. 1. — Map of telltjbide disteict, showing system of eesebvoiks, 
watebways and poweh-houses, ikansmission and disibi- 
bution lines. 
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transformers upon opposite spokes of the armature. The latter 
were ironclad or " T "-toothed, wound with 12 simple coils in cells 
of fuUerboard and mica. Switchboards were matched and shellaced 
pine sheathing, and the bases of instruments were dry hard wood. 
Only voltmeters and ammeters were used, both of the solenoid and 
gravity-balance type, in black-walnut cases with window-glass fronts. 
Circuits were closed with jaw switches and opened by arc-light 
plugs. The line carried two No. 3 bare copper wires, mounted upon 
short Western Union cross-arms and insulators. The copper cost 
about $700, or about 1 per cent of the estimated cost for continuous 
current. 

The main motor was brought to synchronoiis speed by a single- 
phase induction starting motor, which received its current at full 
line voltage. The current taken was more than full-load current 
of the main motor. This starting motor, even, required starting by 
hand, its torque being zero at starting, and so feeble at low speeds 
that when cold it could only with the greatest difficulty be persuaded 
to pull up to speed its belt and loose pulley. Kor could it at speed 
start the main motor without help, and even then it became so hot 
that its short-circuited secondary frequently burned out. 

Another motor of 50 horse-power was soon added. While in other 
respects similar to the first, this motor was intended to be self -start- 
ing, with armature and field in series through a current trans- 
former; and on accoimt of its frightful flashing, it was fitted with 
a special eight-part commutator of non-arcing metal. Tlus feature, 
however, proving a failure, was soon replaced by a separate starter, - 

The need of a wattmeter or power-factor indicator not having 
been at that time recognized, the motor field charge was adjusted for 
least main current. This current was accepted as having unity 
power factor, and, therefore, as the measure of actual power. 

Everything was extremely simple from water wheels to motors; 
and, except for lightning, the plant ran smoothly and steadily 30 
days and more without a stop. The report made in the East by as- 
sociates of the enterprise that at Telluride 100 horse-power was 
being successfully transmitted nearly three miles over No. 3 copper, 
wires with less than 5 per cent loss, was received with the utmost 
incredulity. 

During the autumn of 1892, a 600-hp generator of the same 
characteristics was installed, and a 350-hp motor for the mill on 
Bear Creek, 10 miles from the generator. Early in 1894, a 50-hp, 
and during the fall, a 75-hp motor were placed in Savage Basin, 14 
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miles from the power-house. The former was soon replaced by a 
100-hp motor, and in 1895 a 100-hp motor was set up at Pandora. 

Except aslo size these motors were substantially identical. The 
250-hp motor was badly designed, and the pole pieces were of cast- 
iron. Its starting motor was insufficient, and was, therefore, soon 
replaced by one having split-phase secondary with external resist- 
ances. Marble with brass trimmings replaced wooden-base instru- 
ments, and such elegance demanded highly-polished slat switch- 
boards of paraffined oak. Imposing marble rheostats were mounted 
at switchboards like keyboards upon grand organs. Fuse blocks, the 
only protective device, became marble slabs with duplicate alumi- 
num strips. The first synchrophone came with the 75-hp 
equipment. 

Owing to its altitude and geographic position, the Telluride dis- 
trict is peculiarly subject to atmospheric disturbances. Over 100 
distinct discharges have been counted within a single hour, and 
lightning caused more discouragement than any other obstacle. A 
. neighboring continuous-current plant, transmitting a little more 
than a mile, carried several extra armatures ; and even then it was 
so frequently compelled to close down during the daily storms of 
the rainy season, that the company was eventually bankrupted. The 
alternating plant might have suffered a similar fate had it not been 
for its " T '"'-toothed armatures and replaceable coils, eight of which 
were successively burned out and replaced on one motor within a 
single week. To get a coil into place, and its oak kej's driven home, 
required such bending, clamping, and pounding" as inevitably re- 
sulted in injury to insulation, and only by the greatest care could 
replaced coils be made to stand a test adequate to the 3000 volts em- 
ployed. For protection from lightning, several types of manufac- 
tured arresters, then variotis original devices were tried, ending 
with a simple gap in series with a score or more of fuse blocks in 
parallel, arranged about a radial commutator switch, turned from 
point to point as the fuses were blown by successive discharges. 
From the first these conditions caused the greatest apprehension as 
to the commercial success of electric-power transmission, until Mr. 
Alexander J. Wurts, during a stay of several months with the com- 
pany, gave the protection of the now well-known non-arcing arrester. 

'No transformers were used between machines and line, the largest 
transformers at first being 2-kw, or 40-light. Aside from the efliects 
of lightning, even to-day 3000 volts upon the winding of small high- 
speed armatures requires first-class insulation. Frequent grounds 
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wore prevented by deep insulating foundations of paraffined wood. 
To prevent short-circuits within the coils, their cells, just before 
placing, were poured full of shellac, and the entire armature after- 
ward baked for several days. By this means the 50-hp motor ran 
a full year without trouble in a room dripping with moisture, 

A lighting transformer received in 1891 was rated at 5 kilowatts. 
Theretofore transformers had been rated in lights, and generators 
in horse-power. This transformer was immersed in engine oil, and 
marks an epoch in the company's history. Lightning frequently 
punctured it, causing its fuses to blow, but without other apparent 
injury. It remained in service for years. All others were soon 
likewise immersed. Four 500-l)ght, dry Stanley transformers, pur- 
chased in 1892 for lighting Telluride, were broken down by the 
thunder storms of the following spring. When repaired these also 
were immersed in engine oil, and gave no further trouble during 
the three years they remained in service. 

Alternators were paralleled at Telluride in the spring of 1893, 
and thereafter they were so operated with full load upon the smaller 
and regulation upon the larger machine. 

Manipulation at switchboards or at brushes involved direct hand- 
ling of 3000 volts, a rather high switchboard pressure even now. It 
was a rule that every attendant keep one hand in his pocket while 
working with the other. It is pleasant to record that during these 
years no loss of life and but few accidents occurred. 

There being no other circuit-breakers, it was necessary, when a 
motor dropped out of step, to break the circuit with the single arc- 
light plug. This always drew a heavy, vicious arc, which on the 
big motor frequently held to the full length of the 6-ft. cable, 
and then sometimes required a whiff from the attendant's hat. 
When not broken promptly it frequently involved the entire svritch- 
board and shut down the plant. 

Duties of this nature required considerable skill and cool heads, 
and in order to operate the plant continuously, night and day, 15 
or 20 competent attendants were required. To fit young men for 
these positions a course was arranged during which they were taught 
something of machinery, of shop-work in metal and wood, and of 
wiring, insulating, and repairing, while receiving such assistance in 
daily study as conditions permitted. A technical library, including 
the electrical papers, and a conveniently-fitted testing-room were al- 
ways open. Each student was then given a short laboratory course 
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in graphic treatment of alternating-current theory. This is said to 
have been the first systematic effort made by a corporation to train 
its employees for responsible positions. 

Although the plant as a whole was an unqualified commercial suc- 
cess, no explanation need here be made as to why it was replaced by 
the induction system as soon as the latter had been perfected. This 
marks the limit of the most extensive single-phase, synchronous 
plant ever operated. With but one or two motors its operation was 
not difficult ; but each motor added to the system brought increased 
demand for care and skill. The causes of difficulty were not under- 
stood then as now, nor was the effect of power factor fully appre- 
ciated. Lack of both wattmeters and power-factor indicators left 
the adjustment of field charges to the judgment of the operators. 
The power factor of each motor being dependent not only upon 
its own adjustment but upon that of all, the closest attention and 
co-operation were necessary, in marked contrast with the simplicity 
of operation of induction motors. Disturbances due to starting 
motors were especially trying; and the unqualified success attained, 
notwithstanding defects of apparatus and system, is attributed now, 
far more than then, to the skill and vigilance of the operators in 
this new and fascinating field. 

The Tesla system, siibstituted for the synchronous in 1896, com- 
prised two 600-kw, 60-cycle, 500-volt, two-phase generators, direct 
connected to wheels under 600 and 900 feet head, respectively, and 
an equal capacity of raising and reducing transformers and of two- 
phase, 220-volt induction motors. The 13 100-kw, step-up trans- 
formers were connected in pairs, two-phase — three-phase, for three- 
phase, 10,000-volt transmission. These transformers were worth- 
less; all broke down within a year, and one or more were always 
undergoing repairs. Break-downs occasionally caused sufficient ex- 
plosion to lift a cover, or splash the oil. The woodwork soon be- 
came saturated, and hot metal from the near-by main fuses fre- 
quently started fires, endangering the wooden power-house. A 
masonry transformer-house in two compartments was, therefore, 
constructed, and into it the transformers were moved, — this being 
the first known case of isolation of oil transformers on account of 
fire risk. 

The power-house at Ilium, situated six miles below Ames on the 
same stream and using the same water, was built in 1900, and con- 
tains one 1200-kw, revolving-field. General Electric generator, di- 
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rect connected to two impulse wheels under 500 feet head. Trans- 
mission lines extend both to the Ames station and to points of dis- 
tribution, providing the insurance of duplicate transmission. Any 
section of line can be cut out for repair, or either power-house shut 
down, without interrupting the service. Junctions, other than 
generating and distributing points, are equipped with open-air 
switches, mounted upon standard line insulators and operated from 
platforms similarly insulated, and have proven invaluable. 

Junction-houses at distributing centers provide for a branch 
line to each customer, which is equipped with switches, fuses, and 
a set of five record-making instruments — a voltmeter, 2 am- 
meters, and 2 wattmeters. The power company thus secures 
upon its own property a continuous, accurate, and satisfactory 
record of each load. 

The long spans crossing canyons and divides surrounding Sav- 
age Basin may be worthy of note. These divides are bare ridges 
at an altitude of 13,000 ft., inaccessible in winter and swept by 
frequent snow slides. Spans up to 1150 ft. are used in order to 
reach safe points for supports. A number of these supports, al- 
though simple and inexpensive, have stood for ye^rs without repair. 
The longest span is of No. 1, hard-drawn copper, supported by 
■J-in. plow-steel cable, both being carried by the same insulators. 
The deflection is approximately 35 ft. on a slope of 31 deg. An- 
other is of f-in. soft-iron cable 1120 ft. long, and has been in 
service five years. A third, 660 ft. long, is of hard-drawn copper 
only, having 25 ft. deflection. The strain insulators in all cases 
are a series of the usual line insulators and pins upon a longitudinal 
arm hinged to permit adjustment to span motion. They are sim- 
ple, inexpensive, and entirely successful. 

A 10,000-volt, underground transmission was put in operation at 
the Gold King mine in 1896. Power was carried through an unused 
tunnel 1300 ft. long, upon bare copper conductors 12 in. apart 
on standard line insulators, to a deep mining hoist equipped for 
electric power. The tunnel was always dripping with water, but 
no trouble was experienced during the several years of operation, 
although slight brush discharge or halo was at times observed. 

An interesting installation to which power is furnished is that 
of the well-known Camp Bird, Limited, near Ouray. Nineteen 
motors and rotaries, in sizes up to 150 kilowatts, drive crushers, 
Huntingtons, concentrators, compressors, pumps, and hoists, ag- 
gregating in all about 1000 kilowatts. Two underground transmis- 
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sicns, each a mile in extent, are in operation. Continuous current 
at 550 volts from two rotaries and a 650-ampere-liour storage bat- 
tery operate three deep-mine hoists of 150 horse-power, and an in- 
stallation designed by Mr. C. S. Euffner, now engineer of the Utah 
department, makes use of the alternating current transmitted at 
10,000 volts through paper-insulated, lead-covered cable, for the pur- 
pose of operating two 50-hp pumps. 

The success of the original plant prompted the manager of the 
company, Mr. L. L. Nimn, to institute a search for other water 
■powers in the West, finding as a result that such powers were very 
remote from available markets, requiring much longer transmis- 
sions than theretofore used. Voltages higher than from 10,000 to 
15,00D were not in commercial use, and were regarded as merely 
problematical; Ijut two important water rights, already acquired 
in Utah and Montana, would have been worthless at such pres- 
sures. Mr. Xunn, therefore, determined in 1895 to undertake at 
Telluride an experimental transmission at higher voltages, to be 
installed and operated as a practical test for power purposes, and 
to determine, if possible, the problems peculiar to long distances 
and high pressures. 

Two identical 75-kw, oil-insulated transformers were installed 
in the autumn of 1895, one at the Ames station and the other 
at the Gold King mill. They were designed for pressures varying 
from 15,000 to 60,000 volts by convenient steps. A separate 
pole line was equipped with three circuits of different character- 
istics, upon three types of insulators. 

Measurements with many special instruments were made, em- 
bracing the different voltages, styles of insulators, conductors, and 
distances between them, and the conditions peculiar to the various 
phenomena met at every step. Observations upon a wide range of 
atmospheric conditions were made hj means of United States 
"Weather Bureau apparatus at either end of the line. The com- 
mercial feasibility of high pressures was demonstrated by the suc- 
cessful operation of the Grold King mill during a great part of the 
year at pressures from 30,000 to nearly 60,000 volts, as well as by 
continuous electrification for nearly a month during dry weather, 
of a three-mile telephone circuit upon telegraph insulators, at pres- 
sures rising from 10,000 to 40,000 volts. 

The change of the system from single to polyphase terminated 
actual transmission experiments. The reducing transformer was 
moved to the station, and another equipment designed for polyphase 
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tests was ordered. The remaining time was devoted to open-eire\iit 
losses, and to the verification of measurements previously made. 
This work continued until August, 1897, when construction was 
begun upon the Prove plant. 

Much of the data obtained from these experiments was incom- 
plete, requiring caution in its use, due largely to the time and 
study required in solving, step by step, the problems and difficul- 
ties met at every stage of th.e work. However, that much of value 
was obtained is shown by the subsequent successes at Prove. Suffi- 
cient had been learned to warrant the commercial adoption for the 
first time of 40,000 volts, — nearly thrice the voltage of any previous 
plant; to lead to the manufacture of transformers which, after 
seven years' continuous operation, are still in daily service; to 
determine the design of the Provo-type insulator, the method of 
line construction, distance between wires, and the importance of 
wave form, and to make possible this great advance in long-distance,' 
high- voltage transmission. 

This experimental work, as clearly appears from the foregoing 
facts, was begun, carried on, and finally utilized by the Telluride 
company in the regular and necessary course of its growing busi- 
ness; yet it must be added that important services were rendered 
by Mr. V. G. Converse, under whose direction the transformers 
had been designed and constructed, and who participated through- 
out the greater part of the work during all the experiments with 
actual high-pressure transmission, and subsequently by Mr. Ealph 
D. Mershon in the elaborate instrumentation and laboratory prac- 
tice, including a notably ingenious method of reading high-ten- 
sion losses upon low-tension circuits, devised by him and used in 
substantiating the accuracy of the earlier measurements; also that 
different types of insulators were contributed by the General Elec- 
tric and the Westinghouse companies and by Mr. Fred M. Locke on 
account of their friendly interest in the work.^ 

The original plant at Prove contained two 750-kw, 60-cycle, 800- 
volt, three-phase General Electric generators, direct connected at 
• 300 r.p.m. to twin horizontal turbines under 125 ft. head ; a six- 
panel Wagner switchboard, two banks of oil transformers, and two 
outgoing circuits. All contents thus in duplicate were assembled in 
two complete, independent units, designed for operation inde- 

3. An interesting account of this work and some of the technical results 
mav be found in Mr. Mershon's report, quoted in a paper read by Mr. 
C. F. Scott before the A. I. E. E. at the Omaha Kieeting, July, 1898. 
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pendently, or in parallel, at both high and low pressure. Prior to 
the power-factor indicator, a device which answered a somewhat 
similar purpose was installed, consisting of a wattmeter on the low- 
pressure paralleling bus with current coil in one bus and shunt 
across the other two. This indicated cross-current, and was used 
in the adjustment of field charges. Transformers were each of 
350 kilowatts, 800 to 40,000 volts, star-connected at both high and 
low pressure, with neutrals grounded. 

Triple-pole air-switches and 4-ft. fuses formerly connected 
each bank of transformers with its transmission line. One form 
of air-switch, opening 6 ft., contained no metal except conductors, 
and was composed entirely of parafSned wood and rawhide, with- 
out porcelain, glass, or other insulator. Others were sliding frames 
carrying line insulators. 

During the first year of operation the transmission comprised a 
single 32-mile line to one receiving point at Mercur, where 
the arrangement was similar to that at the power-house, save 
that two reducing transformers were connected two-phase — three- 
phase, grounded neutral, for 230-volt, two-phase induction motors. 
The Provo-Eureka line, 42 miles long, carries seven-strand alumi- 
num cable equivalent to No. 4 copper. The Eureka-Mercur cross- 
line, 28 miles long, equivalent to No. 5 copper, was added to com- 
plete the triangle thus formed and permit cutting out either 
of the three sides without interrupting service. 
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Fig. 5. — Map of tjtah valley, showino poweb-houses and teansmis- 
sign and distbibution unes. 



The Logan plant was completed in 1901, containing two 1000-kw, 
revolving-field alternators, direct connected at 400 revolutions to 
double-discharge twin turbines under 312 ft. head. This plant 
is connected with the Provo system by duplicate lines over 100 
miles long, passing the cities of Ogden and Salt Lake. The Provo 
and Logan plants are thus operated in unison through nearly 200 
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miles of transmission. Distributing points at Mercur, Eureka^ 
Bingham, Salt Lake, and Provo are also JTinction points of the 
duplicate lines, equipped with switches in each incoming line, as 
well as in circuit with the transformers, so that in case of threatened 
trouble the patrolman can, without delay, have his section cut ofE 
for immediate repair without interrupting service. 

The three conductors of each transmission form an equilateral 
triangle 76 ins. between wires, carried by a 7-ft. cross-arm and 
the top of the pole. Extra long pins raise the insulators from 6 to 
13 ins. above cross-arms, are of selected locust, kiln-dried and im- 
mersed from 6 to 13 hours in hard parafSne at 150 deg. C. Cross- 




FiG. 7. — Peesent all- wood pole constructioit. 



arms are of Oregon fir, kiln-dried, and soaked in boiling bitumen. 
Those upon the first line were attached in the usual manner with 
metal braces. The burning of cross-arms and poles on account 
of broken insulators, during prolonged wet weather, occurred most 
frequently at these braces. When the next lines were built in 
1899, treated wooden braces were substituted, with results so favor- 
able that all metal braces were soon replaced. It was still observed, 
however, that even light leakage seemed to concentrate around the 

lag bolts, carbonizing the wood and finally loosening the bolts. 
14 
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For the Logan lines of 1900 and all later lines, therefore, the 
cross-arms were mortised through the poles and wedged and pinned 
with hard wood — thus discarding all metal except conductors. 
This construction was originated by Mr. A. L. Woodhouse, who, 
upon the close of the high-pressure experimental work in Colorado, 
of which he had charge, became and still is superintendent of the 
Utah department. It has proved amply strong, not expensive, and 
during the four years' operation of the 400 miles thus constructed 
very few poles have been burned. 

Provo-type glass insulators, designed by Mr. V. G. Converse, 
have been used throughout. Many have broken, but these have 
usually shown the effects of guns or stones. In fact, there has 
not been a single breakage, except in one lot improperly annealed, 
clearly due to either internal or dielectric stresses. It is difBeult 
to see wherein any other insulators could have done better, unless 
bullet-proof. College laboratory tests to the contrary notwith- 
standing, leakage losses are inappreciable except during severest 
storms, and then not serious where insulators are unbroken. It is 
a mistake to suppose that Utah climate is favorable. During the 
rainy season it is as wet as any, and the alkali dust of the so-called 
salt storms is as trying as sea-coast spray. At times dense volumes 
of this impalpable dust from the Great Desert are accompanied 
by clouds or fog. In this damp, sticky state the dust completol}' 
covers to a considerable depth the under, as well as the upper, sur- 
faces of insulators, as well as poles, cross-arms, and pins. Over 
these surfaces streamers gradually creep until, meeting at the pole, 
they break into an arc, like that which was photographed by 
Mr. C. E. Baker, the line patrolman at Mercur, and which has 
several times been published. A quick turn of the generator 
rheostat at the critical instant breaks the arc without interrupting 
service of induction motors. 

The arrangement of power-houses and transmissions already 
described is such that the opening of paralleling switches may 
resolve the system into a single transmission from 100 to nearly 
400 miles in length with a generator at each end, yet side by side. 
If one generator be reversed, synchronized as a motor with the other 
and loaded by its water wheel, any length of transmission may, by 
manipulation of a paralleling switch, be alternately cut in and 
out between them. Since switchboards and instruments are con- 
nected, measurements made are immediately comparable. In this 
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manner losses and power factor maj' be measured, and the cor- 
rective effect of charging current observed. 

Solid aluminum wire, first used in 1898, was slightly alloyed 
to increase strength; but proved worthless, breaking repeatedly with 
square, glass-like fractures. It was at once replaced with commer- 
cially pure, seven-strand cable, still in use. Similar cables have 
generally been employed for subsequent lines, while spans have 
been successfully increased to 180 and 200 ft., with less deflection 
than usual with copper. 

The experience with oil transformers for 10,000 volts at Tellu- 
ride, and the refusal of manufacturers to give any guarantees 
whatever for other transformers for higher pressures, led the 
Telluride company, when undertaking this 40,000-volt transmission, 
to manufacture its own. The first equipment was made at the 
"Wagner Company's works under designs and supervision of Mr. 
Converse. The later ones were made by the Converse Transformer 
Company. When erected, the oil in the tanic and the transformer 
in an oven were slowly raised to, and then maintained during 24 
hours at, a temperature of 125 deg. C. The transformer was then 
immersed in the oil, and both continued at the same temperature 
for a further 24 hours. 

As bearing upon the question of fire risk due to oil transformers, 
it may be of interest to note that of the large number of these 
high-pressure transformers used during the past seven years, 
chiefly in isolated sub-stations containing much wood and seldom 
visited, all but four are still in operation; that these four were 
destroyed by fire of doubtful origin, and that only one transforiber 
has required repair other than change of oil. 

The plant at Norris, Mont., designed and constructed in 1901, 
by Mr. 0. B. Suhr, Superintendent (now resident j engineer 
of the Ontario Power Company), contains at present two low- 
speed 1000-kw units. A duplicate transmission of 60 miles con- 
veys power to the city of Butte. These lines, as well as both 
raising and reducing transformers, were designed for the use 
of 40,000, 60,000, or 80,000 volts. Longer pins are used than 
in Utah, and conductors form a triangle of 108 ins. While 
producing the present limited amount of power, and awaiting 
a suitable insulator, the lower voltage has been used. 

In conclusion, it may be said that the Provo plant — the 
first transmission at more than 16,000 volts — while undertaken 
materially in advance of the art, and not exempt from its share 
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of troubles, has, nevertheless, been fully successful as a finan- 
cial venture, and not without value in the progress of the science. 
Long periods of perfect operation, monotonous in their nnevent- 
fulness, have proven beyond question the success of high pres- 
sures for long distances. The new and larger power-house at 
Olmsted, at the mouth of Provo Canyon, completed this sea- 
son, is modern in every detail. It contains three 3600-hp gen- 
erators, operating under 340-ft. head. Air-switches and fuses 
are everywhere giving place to oil-switches with time-limit au- 
tomatics, and constant reconstruction to meet its increasing de- 
mands keeps the system as a whole abreast of present practice. 
Thus The Telluride Power Company, while again and again a 
pioneer in power transmission, must not be associated alone 
with the experimental methods of early days, but may, in the 
future, be found still engaged in progressive, practical, pioneer 
work. 

Discussion. 

Mr. Bunker: There is one point I would lilce to ask, if I may, and that 
is, how large a wire could be used, for mechanical reasons entirely, on that 
entirely wooden construction? 

Mb. Nukn f The construction used in Utah is considered safe for wires 
up to No. 3-0 or 4-0. Tliat in Montana, designed for 80,000 volts, em- 
ploys pins too long for such large sizes. By adapting the dimensions and 
design of both pins and cross-arms, it may be possible to make all-wood 
construction suitable for any size of conductors. It would not be difficult 
to show that the paraffine permeates the pins. A 4" x 4" piece of oak sev- 
eral feet long has been permeated, as shown by chemical tests upon a 
sliver taken from its center. This cannot be done by the usual method of 
boiling in parafP.ne, but while requiring care and exactness, has been 
accomplished by the method previously described. The 40,000-volt circuits 
from the Crovo power house pass through the wall in bushings consisting 
merely of double flexite tube within paraffined oak tubes 5 feet long, hav- 
ing 1-1/2-inch walls. The bushings are fully exposed and during storms 
are always dripping, yet have never given trouble. The all-wood switch 
mentioned has four feet of paraffined oak between 40,000-volt wires. 

Mr. HuMPHKEY: I would like to ask whether the poles have ever 
been treated — that is, the top of the pole? Pins have been treated, cross- 
arms have been treated, and it seems to me to be practical to treat the 
upper ten feet of the pole, rather than to abandon the wooden construction 
and go in the steel-pole construction altogether. I would like to ask if 
that has ever been tried? 

Mb. Nunn: No attempt has been made to paraffine poles, but they 
have been treated to some extent with hot bitumen, especially at their 
tops and upper pin holes. 
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Chairman Scott: Three weeks ago to-day I spent a most profitable 
and pleagant day in the Provo power house at Olmstead, which Mr. Nunn 
has described to us. Mr. Nunn has introduced u, new method of high- 
tension wiring, by running the high-tension wires through fibre tubes. 
This makes a remarkably neat and compact construction for the high- 
voltage work. The whole power house and its surroundings are laid out 
in a very excellent way. There is at this plant excellent provision for the 
young men who are in attendance at the power house. 

Mr. Ntjnn: In the early days, when every synchronous motor required 
two or three attendants for its 24-hour service, it became necessary to 
provide opportunity for non-technical but bright young men to learn enough 
about the apparatus and sufficient of the subject generally to fit them for 
these positions. The training begun at that time has never altogether 
passed, and there has ever since been something in the way of a student 
course. In connection with the new plant at Olmsted, special provision 
has been made in the way of quarters, lecture rooms, laboratories and a 
gymnasium for extending this feature and for giving it a permanent 
character and home. The purpose is to conduct post-graduate research 
side by side with practical design, construction and operation of engineer- 
ing works, whereby young men may undergo that critical transition from 
the receptive college student to the executive, practical engineer of affairs. 

Chaikman Scott: There is another side of this power transmission 
work, and of electrical engineering work in general, which has not come into 
our discussions until introduced by Mr. Nunn just now. It is the human 
side. All the power transmission systems that we have now, transmitting, 
at what might be termed high voltages (10,000 volts or over), something 
like a million-and-a-quarter of horse-power, in which we had no experience 
ten years ago, have made an evolution not only in pins and insulators but 
also in men. The men have had to be developed; they have had to go 
from one kind of work to assume responsibilities in larger work, with 
more exacting and unknown conditions, and if the curve of electrical 
activity is going to keep on increasing, more men for the work we are 
doing now, and more men for imdertaking these new problems must be 
developed. The colleges are doing much. I have met dtiring this week a 
host of young, enthusiastic, energetic college professors who are here in 
touch with the work of this Congress and of the exposition, and who are 
going back to keep on grinding out young electrical engineers. Those 
young men were not appearing fifteen years ago; the colleges were not 
then making them; the college did not have the facilities. Now it is 
turning them out in great numbers. Manufacturing companies are 
taking them, operating companies are taking them, not only in power 
work, but telephone and other companies, and I believe the important 
thing now, the big evolution, in a way, in electrical work, is the develop- 
ment of young men who are going to be a big factor in this work in tne 
next ten years. In the company with which I am connected men are 
received and given a training for a couple of years, such as that of 
which Mr. Nunn speaks, and I was surprised a few days ago to see in a. 
list of tlie men who have been received within the last three or four 
months that practically fifty institutions are represented by from one to 
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half-a-dozen men. Now, not quite so large quantitatively, perhaps, but 
in the same general line qualitatively, Mr. Nunn is going to take young 
men and give them opportunities for running a station and learning the 
operation of a power transmission system; and the elegance of his sta- 
tion and of the cottages and facilities which he is building up at Provo 
mean that the young men are going to be well taken care of in other 
ways besides electrically. 



THE BAY COUNTIES POWER COMPANY'S 

TEANSMISSION SYSTEM. 



BY L. M. HAN:COCIv. 



In treating of this subject it is taken for granted that the major- 
ity are familiar with the details of the Bay Counties Power Com- 
pany's system which now forms a less important part of the plant 
of the California Gas and Electric Corporation. 

Only an outline of the general and controlling features will be 
given, dealing more at length with the organization of the forces 
to operate the plant and to carry on construction and repairs. 

Considering organization, the plant falls into the following three 
natural divisions : — 

1. Generating. 

2. Transmitting. 

3. Distributing. 

The first comprises all water systems and power houses. The 
second, all high potential transmission lines and their fixtures. The 
third, all substations and low potential lines and their fixtures. 

The main features of the plant and the attention they require are 
as follows : 

Diverting Dam. Log crib, rock filled, 40 feet high and about 
200 feet long on the crest. The intake and headgates were of con- 
crete and very massive and ruggedly substantial throughout. The 
dam needed and could get attention only during periods of low 
water ; then it was examined thoroughly each year and whatever re- 
pairs were necessary were made preparatory to another season's sub- 
mergence which lasted the greater part of the year. The gates and 
intake needed some attention Avhich was all given Ijy the flume men. 

Main Flume. Seven feet wide, six feet deep, seven and one-half 
miles long, through one of the most rugged pieces of canyon in the 
State. This was the most difQcult part of the system to construct 
on account of inaccessibility. It was also one of the most difficult 
parts of the system to keep up to a high standard of repair, and on 
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account of local conditions must be very carefully watched to avoid 
danger and to care for the numerous accidents as they arose. It 
must all be inspected each day to take care of many little things 
that needed prompt and immediate attention though the maiu 
repair work was attended to once a year. 

The Main Penstoch at the end of this great flume was built of 
concrete and besides receiving water from the main flume was ar- 
ranged to be fed in an emergency with water from Lake Francis, 
through 9000 feet of 36-inch wooden stave pipe, 1/3 mile of natural 
channel and 3000 feet of rapid flume. This penstock delivers 
water to Colgate and to the old Brown's Valley irrigation system. 
On account of previous troubles with the pipe lines, variations in 
the flow of water, and the great dependence put on this plant, 
watchmen were stationed at the penstock and held there constantly. 

The Five Thirty-Inch Pipes carry the water from the penstock 
and deliver it into the receivers back of the power house. These 
pipes were very carefully installed and need only an occasional in- 
spection, which is given by the power house superintendent or 
foreman after severe storms early in the spring and late in the fall. 

Being covered for the greater part of the way, this inspection of 
course only takes in exposed portions and surface indications, leaks, 
conditions of retaining walls, breakwaters, etc. 

Water is distributed from the receivers to the 16 water wheels 
through small pipes and suitable gates. All the small pipes, con- 
nections, gates, etc., near the power house get regular attention from 
the forces employed there. Inspections are frequent and every item 
has continual care. 

The power house equipment is as follows : — 

Generators. 

3 2000-kw, 240 r.p.m., 3-phase, 60-cycle, 2400-volt, inductor. 
3 900-kw, 360 r.p.m., 3-phase, 60-cycle, 2400-volt, inductor. 

1 720-kw, 286 r.p.m., 2-phase, 133-cycle, 2400-volt, inductor. 

2 50-kw, 800 r.p.m., exciters. 

Suitable tangential water wheels with deflecting nozzles are directly 
connected to each generator and exciter. The low-potential switch- 
ing is made as simple as possible and only such instruments are 
centralized as are needed to control the plant. The balance are 
scattered about the building near the apparatus to which they be- 
long. Oil switches are used exclusively for the 2400-volt circuits, 
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at which voltage all the machines operate. The Transformers are 
all oil-insulated and water cooled, the majority of them are 750 
kw, but there are a number of smaller sizes. They all require 
almost no care and being in the power house have constant attention. 

All low-potential wires and cables are run in a subway, while 
all the high potential wires and connections are overhead in the 
gallery. Originally an immense amount of wood was used iji 
mounting the high-potential switches, lightning arresters, etc. 

This construction was all destroyed in a fire, March, 1903, and 
has been replaced by a brick and tile and steel construction built 
up on the cellular system. 

The unique feature of Colgate is the number and variety of very 
high potential circuits radiating from the plant. The following 
table gives a list of them : — 
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This variety of service can only be handled successfully at the 
power house end by either using individual transformers for each 
line, by using a great many high-potential switches, or a combina- 
tion of the two methods. The first, however, makes it necessary to 
have a great deal more transformer capacity than is necessary for 
the loads handled. The second method was pioneering to an alarm- 
ing extent. Therefore the third method was adopted planning to 
use as few of both devices as possible. The odd phase and voltage 
lines had to have separate transformers which were operated from 
the low potential switches and were to all intents and purposes a 
part of their respective lines. The growth of the plant was such 
that the odd voltage three-phase lines could not be avoided ; however 
it was planned ultimately to have these all operated at the same 
tension. 
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The question of high-potential switching was one of very great 
moment and must be solved, yet it is not to be trilled with. 

There were four designs of switches employed, as follows : 

First, an emergency switch, which when open or closed was per- 
fectly safe but would not stand being opened under full voltage 
and heavy current. This was simply a blade about thirty inches 
long with jaws mounted on large insulators which were carried 
and held in place by suitable frame work, the blades being pivoted 
to one of the jaws. These switches were suitable for cutting out a 
dead line or would open the full voltage of a thirty mile line if 
there were no load on it. They were also adapted for cutting in and 
out banks of unloaded transformers but with full voltage on. They 
were used in series with main switches, lightning arresters and 
other devices that must be taken out of service occasionally without 
having to shut down, and were also employed for temporary work 
and testing. 

Second, the Stanley switch, which was arranged to break the are 
in a tube filled with plaster paris. This served the purpose in the 
absence of anything better, but was clumsy, slow of operation and 
often out of repair. 

Third, the oil switch with horizontal break. This switch was not 
installed where it had to handle heavy loads, but there were some 
very severe tests put on it which it stood remarkably well. These 
tests consisted of opening a dead short at a distance of 100 miles 
from Colgate with full generator capacity behind the line. 

Fourth, the oil and water switch. This switch in its original 
form was put under extremely severe tests which it stood wonder- 
fully well, opening 25 dead shorts on a 40 K.V. line in quick suc- 
cession, some of which were 240 miles from the generator via the 
pole line. However the design of this switch was not suitable to 
the duties required of it. During a severe lightning storm it broke 
down and was not replaced. The consensus of results pointed to the 
horizontal break oil switch as the one that stood the test of actual 
service the best of any. 

The Substations and the wiring for them were as various as 
could be imagined. The transformers as a general thing were 
wound so that they could be used anywhere on the system, and taps 
were brought out so that either three-phase or two-phase circuits 
could be fed from them. Three transformers were generally used 
and taps were brought out from the winding so that the voltage 
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could be varied as needed. \Ytien two-phase service was given from 
three transformers, it was found unsatisfactory for motor work on 
account of the regulating coils varying the phase angle. In several 
cases a single transformer was installed for single-phase service iu 
small towns, the high-potential side having one wire attached to 
one of the line wires and the other to a ground plate, very satis- 
factory service being given in this way in small towns. 

The substation buildings varied from steel frames covered with 
corrugated iron in important locations, to an ordinary wooden build* 
ing in some of the small towns. 

The Switchboards in a few of the larger stations were quite com- 
plete, but in .the majority were very simple, there being -generally 
apparatus to meet only the most urgent needs. High-potential 
switches were usually provided in each station; in the larger ones 
they were either Stanley or horizontal oil break; in the smaller 
stations, the cheapest kind of a long knife switch. Devices were 
usually provided outside to cut the line clear from the building. 
Ten substations were put into service when the line went into 
commission. In three years this number had increased to twenty- 
six. The majority of these stations needed little attention. 

The organization of the forces to operate this system was a most 
difficult task. There was no experienced class to draw from so 
men had to be educated for the work, and meanwhile the system had 
to be kept going. There must be more men than was actually neces- 
sary, yet in the trying out of so much new apparatus there was no 
telling how many men would be needed for emergency work. Thera 
must be no delays in repairing breaks for iinancial men the country 
over were watching the results and a little parsimony might mean 
thousands of dollars lost in depreciated securities. 

The water system consisted of the following items in the order 
of their importance : 

First: Main section, dam, flume, and penstock. 

Second : Auxiliary section. Lake Francis system. 

Third : The middle section from Colgate penstock to the Brown's 
Valley power house. 

Fourth: The lower section below the Brown's Valley power 
house. 

The Lake Francis auxiliary system is placed second in order of 
importance, though as it exists it is not worthy of the place for it 
is so far removed and the conduits are so small that it does little 
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good as an auxiliary. The writer urged very strongly when the 
original plans were made that they provide a penstock reservoir of 
sufficient size to operate the plant for a few hours at least. Had 
this been done the operating expenses of the hydraulic system could 
have been kept at less than one-half of what was found to be neces- 
sary. In other words, an average of ten men are now needed if the 
system is kept up to the proper standard, while with the reservoir 
only four would be needed; a saving of $5,400 per year which 
capitalized at 5^ equals $108,000. 

This sum, plus the actual cost of the Lake Francis system would 
have been amply sufficient to put in the reservoir suggested. 

This is an excellent illustration of how the design may affect the 
future operating expenses. 

The conditions facing us were these: The system as installed 
must be utilized to its fullest extent and at the least cost. With 
this understanding the following organization was adopted: 

Superintendent ■ — Foreman : 
Main Section: 

6 Flumemen. 

2 Penstock watchmen. 
Auxiliary Section : 

Permanent watchman at lake. 

One winter watchman at end of wooden stave pipe. 
Middle Section: 

4 Ditchmen. 
Lower Section: 

1 Ditchman. 

This force handled all the work well except the yearly repair work 
and cases of extreme emergency. Then extra men were brought in 
from other parts of the system or from outside sources. 

While the flume was new there was no great trouble in making 
the natural repairs, but as it grew older, timbers began to rot, twist, 
and crack and repairs of magnitude had to be made. Many places 
were patched up and from the very nature of things had to be left 
till an opportunity came for thorough work. As long as the plank- 
ing that actually held the water remained intact Lhe balance of the 
repairs could be made with extra care and expense, but when a 
rock would come rolling down the hill and knock out the under- 
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pinning or smash a liole through the flume itself, it was simply a 
case of shut down till damaged parts could be replaced. 

.This shutting down of 10,000 horse power, even for a few hours, 
was no idle matter and a thing every one dreaded. 

The superintendent of the water system held an anomalous posi- 
tion ; while taking his orders from the general superintendent direct, 
he must at the same time take orders from the Colgate superin- 
tendent in regard to the water furnished for the power house. 

He must get over the whole of his system at least every montii 
and must be on hand to take care of any emergency that might arise 
on the main flume, and there were many places on this important 
section that had to be watched continually in order to meet 
difficulties half way. 

The foreman devoted all of his spare time on the main section, 
supervising repairs, looking after the placing of new material, 
maintaining discipline and ever holding himself in readiness for 
emergencies. The six flume men did little but patrol the flume; 
minor details they took care of however and always helped in cases 
of an accident. Two men were kept on watch at the penstock all 
the time. 

These could do but very little except to stop any leak that might 
occur in the neighborhood, keep rubbish off the rack at the entrance 
to the penstock and attend to the adjustment of the various gates 
in the neighborhood. If there were a break in the flume, one or 
both were expected to assist in its repair. There was an elaborate 
system of floats and electric bells installed for detecting low water 
at various points a mile or more above the penstock but these devices 
were seldom of any value except to talk about. 

When anything happened of a serious nature, the water alway.s 
slacked away so quickly that everything, flupie, penstock and all 
was emptied before the water wheel nozzles could be closed. 

There were 14 gates to close these nozzles, each gate requirin<r 
ten minutes to operate it; hence with only three men on shift to do 
this it was quite a simple matter to predict what would happen. 

On the middle section four ditchmen were employed who did 
practically all the repair work on their beats besides making their 
tour of inspection each day. This part of the system consisted of 
20 miles of ditch and flume. It carried only 1,200 inches of water 
and was an old settled piece of work. 

The lower section of the water system consisted of 32 miles of 
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ditch and a few short flumes and inverted syphons and as it fur- 
nished only some irrigation water and some little desultory mining, 
it was of so slight importance that one man handled it successfully. 
Each year a force of from ten to twenty men were put on for a 
few weeks doing general repair work. At this time every feature 
of the system got an overhauling and whatever repairing it needed. 
Thus the whole system was put in readiness for another year of 
hard service. 

The handling of this water system while very exacting, involved 
nothing new or strange. Materials such as men were familiar with 
were used and the handling of flumes was no new work for Cali- 
fornians with but this one exception; for power purposes without 
any storage, the full head must be kept running all the time, while 
the ordinary service to which flumes are applied water can be 
turned out at any moment it may be desired without causing any 
serious trouble. 

The water system was peculiar in that none of the men ever 
saw any of the customers of the company and in fact seldom saw 
any but their immediate fellow workmen. Their cabins were in 
very isolated places and they seldom met any of the oflQeers of the 
company. Theirs was a monotonous life with but little to inspire 
them. Their business was to deliver water and as long as that was 
done no one complained nor did they praise. 

The Colgate power house was the center of the whole system and 
the whole aim of the operators was to put out energy. 

This was dependent, (a) on the water system delivering water 
to them; (b) on their ability to utilize it and to keep in working 
order the apparatus in their care; (c) on the line department keep- 
ing the lines in order, to transmit what they generated; and (d) 
somewhat, on the distribution system being able to receive and de- 
liver to the customers what the line department handed over to 
them. 

After the power house force had kept its apparatus in repair and 
in operation, they must, in order to succeed, be in harmony and in 
close touch with all the other parts of the plant. Hence the 
emphasis on a complete and efficient system of communication. 
This was not so evident on the water system, for immense systems 
of flumes and ditches have been and are operated without any means 
of communication other than messenger or mails. 

Items (a), (b) and (d) did not interest the power house force; 
they must concentrate on their own troubles. 
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The principal item on which success depended here was the re- 
pairs of damaged or worn-out apparatus, so in order to facilitate 
this a large supply of new material and spare parts were kept on 
hand and a large and well equipped machine shop was installed and 
men were appointed on the force that could utilize these tools to 
their full value. 

The forces here, though dependent so much on the others for 
success, were never allowed to get the idea of covering their own 
mistakes by attracting attention to the troubles of others. The 
handling of this power house had only these three features that 
distinguished it from all other large power houses. 

First. It must feed numerous high voltage lines of various 
voltages, phases, cycles and lengths. 

Second. It must run in parallel with other large plants that 
were fnany miles distant and operated at different voltage and phase. 

Third. Its service reached almost every known business where 
power can be utilized, and there was not a moment in the year 
when a great many were not exceedingly anxious for energy. 

While this was the ease, the only feature of uncertainty at the 
start was that of the high-potential lines, switches, lighting ar- 
resters, etc., but after a year's experience it was found that to this 
apparatus could be charged no more than a proportionate share of 
the troubles. 

It was decided that for Colgate there should be the following 
organization : 

Superintendent ranking as a division superintendent: 
Foreman : 

Assistant Foreman: 

3 Shift bosses. 

3 Operators. 

3 Oilers. 

Machinist. 

Apprentice to Machinist. 
2 Telephone Operators. 
Kepairmen as needed. 

The superintendent, while not having absolute authority over the 
flume superintendent, in the one question of water supply his word 
was final. Besides this he was a man of much wider knowledge 
and experience which was all of very great value to the company 
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and of which they wished the benefit. It was ordered that eacli 
should draw on the other in case of need and they must be in 
perfect harmony witli each other. Besides having charge of Col- 
gate, this superintendent had charge of a small power house of 
1,000-horse power situated about nine miles distant and known as 
the Brown's Valley plant. On account of this, the Colgate and the 
water system superintendents were brought into still closer contact. 
The Colgate foreman had charge of all the day work, operating, 
repairs, new work, etc., and ranked next to the superintendent. The 
assistant foreman had charge of all the night work and ranked next 
to the foreman. The shift bosses were under the foreman and 
assistant foreman and had charge of the opera'don of the power 
house during their shifts. 

They were directly responsible for everything that happened and 
the condition of the apparatus. They must see that everything 
was all right when they took charge and anything wrong when 
they came on duty must be reported at once else they would be held 
responsible. They were also responsible for the two men under 
them. Each shift was 8 hours and the operators were changed one 
shift ahead each two weeks. The machinist and his apprentice were 
free lances that had to do whatever was to be done at whatever time 
it was necessary. They did the greater part of repairing and im- 
proving of machinery. 

The lines which have always been the " weak sister " demanded 
and got especial care and attention. It might be said on general 
principles that there never is enough money put into the lines. 

We will deal alone with the 140-mile line, because this is typical 
of how all the others were handled, especially those carrying the 
higher potentials. The greatest care was taken in handling them, 
for they were unusually long and every move was watched with 
the keenest interest. Failures would receive the severest censure, 
because reaching to the very doors of San Francisco the service we 
were giving would be before the public in a much more important 
and effective way than anything we had yet handled. If the street 
cars of Oakland, which were the principal load at the start, did 
not run, the men who handled them and the public too were not 
slow to blame the trouble on the source of power. Hence every 
detail was studied and every plan possible carried out to get com- 
plete reports of the condition of the line every few hours of the 
day. Elaborate precautions were taken to discover any weakness 
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and repair it before a break down could result. However, we could 
not always tell just how fast things were going Co happen. There 
were three items that required attention: 

First: The watching of the line and searching for weak places 
as they developed. 

Second: The= completion of the work which the construction 
forces had not the time to finish and the building of new branch 
Unes. 

Third: The repairing and changing of parts that were found 
to be faulty or unsuited to the conditions. 

To attend to these the following plan of organization was 
adopted : 

Line Superintendent ranking as division superintendent: 
Assistant Superintendent: 
Patrolmen. 
Foreman repair gang: 

Linemen. 

Laborers. 
Bookkeeper. 
Telephone Expert. 

Superintendent of new Construction; 
Engineers. 
Surveyors. 

Eodmen. 

Chainmen. 

Axmen. 

Laborers. 
Foreman Construction Gang: 

Linemen. 

Teamsters. 

Laborers, etc. 
Freight Distributing Agent. 

The superintendent of lines for the first year spent nearly al! 
his time getting back and forth along the line, studying conditions 
as developments came, instructing the men, and keeping them up 
to their work. The importance of this work made great demands 
on the time of the general superintendent. 

The assistant line superintendent devoted a good deal of his at- 
tention to the office work, checking reports, ordering and forward- 
15 
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ing material, looking after the repair work, and working between 
trips with the line superintendent. 

The telephone expert was in a position that he had to work under 
nearly all the superintendents though he was nominally under the 
line superintendent. His was a study in harmony. His work ex- 
tended from one end of the plant to the other and as the name 
indicates devoted the greater part of his time to the solving of diffi- 
culties, designing and installing protective devices and working the 
telephone system so the highest efficiency could be obtained. He 
was always supplied with material and men on call. If communica- 
tion could not be maintained, the plant could not be operated. 

The superintendent of construction was utilized almost exclu- 
sively on new work, and hence had little to do with the operation 
of any of the lines, except when they first went into commission. 
He was expected to use every opportunity to study developments 
in order to assist in any way possible to the general success. 

In order to care for the line thoroughly, patrolmen enough were 
put on so that they had an average of 14 miles to cover each day. 
In the mountains and marshes the beats were shorter and in the 
valleys longer. 

The whole line must be put into shape so every part of it could 
be reached. In the hills trails must be dug, creeks bridged and 
barns built for horses. In the marshes and flooded lands boats 
must be provided, everywhere gates must be put in fences and above 
all certain communication must be provided. 

The work required that the patrolmen should not do very much 
of the actual labor connected with the upkeep of the line. They 
carried a number of tools and a portable telephone and were alwa^'s 
called on in emergencies. They must report on duty in the morn- 
ing, get over their beat at a slow enough gait to be sure of the 
condition of every detail, report several times during the day and 
report off duty at night. Usually by the time they had attended to 
all the above, they had accomplished a very good day's work. Most 
of these men used saddle horses; in fact there were only one or 
two beats where a wheeled vehicle could be. used to advantage. 
Material was stored at various places along the line so that it could 
be reached conveniently in case of trouble. The work of patrolling 
was so new that there was no class of trained men to draw from 
so each patrolman had to be educated. In fact the officers in charge 
had to make an unusually close study of it, living with it almost 
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night and day for two years. A host of questions were asked 
and few of them answered before the line went into service. As 
the answers came they must be recognized quickly and the work 
pushed accordingly. 

It looks a little strange to put on a repair gang almost before 
an installation has gone into actual service. This was on account 
of the work being so new that there was no experience to guide those 
who designed the various parts of the equipment. 

Some of the questions to which we had to learn the answers 
in the field, were: 

To what extent will the wooden supports of the line be destroyed 
by the high potential used? 

How will the insulators, which were a composite glass and por- 
celain, stand the actual strain of operative conditions? 

How much of the insulator can be broken ofE before it must be 
removed from the line ? 

How much dirt can accumulate on an insulator before it must 
be cleaned ? 

How noisy can an insulator get before it is dangerous ? 

What effect will fogs produce ? 

Wliat effect will rain produce ? 

If a line gets shut down in a rain storm, can it be started up again 
and with what difficulty? 

How will long spans stand up? 

What will be the result of using steel for line supports? 

As the work progressed answers came to all of these about as 
follows ; 

Wood pins were destroyed by the hundreds near salt water ; cross- 
arms a few, and poles only two or three in the course of three years' 
service. 

Glass is not suitable for high-potential insulators under the 
conditions as they exist on this system. An all-porcelain insulator 
has been and is being substituted for the composite insulator as fast 
as conditions will permit, especially near salt water. 

The insulator first installed had so little margin of safety that if 
it were broken at all it was ordered removed from the line. 

If only a small piece were chipped out of the edge the risk was 
taken for a time. 

The only place where we had trouble with the accumulation of 
dirt on insulators was near salt water and cement works. 
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There may be a good deal of noise at an insulator on a wood pin 
for many weeks and not much damage result, but it should be 
watched closely. With a steel pin and a wood cross-arm this noise 
will not be anything serious except in some unlooked-for place, due 
to local conditions. These should be watched closely on general 
principles. 

Ocean fogs cause the burning of very many wood pins, while 
cross-arms and poles suifer but little. 

Fogs a few miles back from salt water do not affect either pins, 
cross-arms or poles. 

Rain is Heaven's own blessing on a high-potential transmission 
line. It cleans the insulators and stops a good deal of the damage 
to wooden supports. This is true of salt water districts especially. 
The first few drops that fall after a prolonged dry spell causes a 
good deal of a display which soon passes however and all is quieter 
and better than it was before. This display does not affect the power 
house load to an appreciable extent nor does it affect lights or 
motors. 

The starting of this line in a rain storm never caused the slight- 
est trouble, in fact in changing from one line to the other full 
voltage has many times been thrown instantly on the dead line 
during heavy rain storms without the slightest disturbance that 
any one could detect. 

The experience has been that long spans are preferable in almost 
every case. On a mountain line built about two years ago some 
very long spans were used. One was 1,800 feet with the regular 
line conductor, a 350,000 cm stranded aluminum cable, and it has 
given the best of satisfaction. 

Every indication is that steel should be used for high-potential 
line supports from the ground up to the insulator throughout the 
S3'stem. 

The substations and distribution work were handled almost en- 
tirely by the local men, nearly all of whom were under a separate 
management. A superintendent of this work was maintained whose 
duties were mainly to advise the local men in regard to the handling 
of the company's property and to see that it had proper care. 

At the majority of the substations a man would be on duty only 
for a time . during the evening when the lighting load was on, 
unless there was important high-potential switching to be done. 

The low-potential distributing systems gave very little trouble 
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and it was very seldom that they were not able to utilize the cur- 
rent available. 

The men for all the positions were very carefully selected from 
the whole country. The repair and construction forces were used 
as training schools for men for permanent positions and the fore- 
men of these gangs were selected with this specially in view. These 
forces were used too as places to lose out undesirable characters. 

The following ideas were advanced to guide in the handling 
of the men: 

First. Harmony m.ust be maintained. 

Second. There jnust be a definite sequence of authority to pre- 
vent worldng at cross purposes. 

Third. Each man must respect and obey the officer immediately 
over him. 

Fourth. Each man had the assurance that his advancement de- 
pended on himself alone; that all the higher positions of the operat- 
ing, repair and construction forces were open to the men handling 
the plant if they would fit themselves for them. 

Fifth. The longer the time of service the better the pay. 

Sixth. A sufficient number of men must always be kept to insure 
excellent service, but there must never be so many that each man's 
time will not be fully occupied. 

The officers and the sequence of their authority for the whole 
system were as follows : 

General Superintendent : 

Water System Superintendent: 
Foreman. 

Flumemen. 

Eepairmen. 

Emergenc}Tneii. 
Auxiliary Section : 

Lake watchman. 

Winter watchman on wood stave pipe. 
Middle Section: 

4 ditchmen. 
Lower Section : 

1 ditchman. 
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Colgate Superintendent: 
Foreman : 

' Assistant Foreman: 
3 Sliift bosses. 
3 Operators. 
3 Oilers. 
Machinist. 

Apprentice to Machinist 
2 Telephone operators. 
Eepairmen, etc. 
Superintendent of Lines : 

Assistant Superintendent : 
Patrolmen. 

Foreman repair gang: 
Linemen. 
Laborers, etc. 
Superintendent Construction: 
Engineers. 
Surveyors. 

Chainmen. 
Eodmen. 
Axmen. 
Foreman : 

Linemen. 
Teamsters. 
Laborers, etc. 
Time-keeper. 
Freight agent. 
Superintendent Substations. 
Substation operators. 
Tjocal managers of business districts. 



SOME PEACTICAL EXPERIENCES IN THE 
OPERATION OF MANY POWER PLANTS IN 
PARALLEL. 



BY R. F. HAYWARD. 



Local conditions and force of circumstances have developed in 
the United States and Canada several large power systems, consist- 
ing of a number of long-distance transmission plants operating in 
parallel, and supplying power for all conceivable purposes over 
wide areas of territory. The growth of these systems has covered 
a period of nearly 10 years, and the time is opportune to review 
the lessons learnt in their upbuilding. The mistakes, technical and 
financial, which were necessarily made in the pioneering of long- 
distance transmission of power have been turned to profit, and 
plans are now being followed out along comprehensive lines, to 
meet the demands of a market which has grown more rapidly than 
ever was pictured in the dreams of the early promoters. 

Three large systems of this kind have grown up in California 
under the control of the Los Angeles Edison Electric Company, 
the Standard Electric, and California Gas & Electric Companies; 
the State of Utah is almost covered by the lines of the Utah Light 
& Railway Company and the Telluride Power Company; in Canada 
the Montreal Light, Heat & Power Company is operating a large 
parallel system; and in the State of New York the Hudson Eiver 
Power Company is making great developments in this line. 

The technical journals are full of articles describing and illus- 
trating these plants and the physical diflBculties encountered in 
building them, but very little has been written about their opera- 
tion. A description of the difficulties and troubles encountered 
and overcome in the course of eight years' operation of the trans- 
mission plants in the West would, in the hands of a skillful writer, 
form a most instructive and exciting story. It would be a tale of 
fights with the forces of nature in the great valleys and mountains 
of the West; fights against ice, snowslides, floods and rockfalls, 
brush-fires, windstorms and lightning, where time was always on 
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the side of the enemy. It -would be a record of simple devotion to 
duty in the difficult and dangerous situations on the part of all the 
operators. 

In Utah, where the author's lessons in transmission have been 
learnt, the first water-power plant was started in June, 1896, and 
from the very first was operated in parallel with the steam plant 
in Salt Lake City. Other plants were constructed immediately 
after, and by consolidation and reorganization were joined together 
into one system. The Pioneer Power Plant at Ogden was run in 
parallel with the Big Cottonwood Plant, 50 miles away, ,for the 
first time in March, 1898. Since then there has been a continuous 
growth of the business, until the beginning of 1904 found the two 
systems of the Utah Light & Eailway Company and the Telluride 
Power Company running in parallel, covering a district 160 miles 
long from north to south and including six water-power plants, 
two steam plants, 420 miles of high-tension transmission line, and 
nearly 500 miles of circuit. The maximum demand on the two 
systems was about 10,000 kilowatts, and the load consisted of light- 
ing, street railway, and power for all kinds of service, including 
flour mills, cement works, brickyards, smelters, air-compressors, 
cyanide mills and other mining enterprises. 

A complete discussion of all the features of parallel operation 
would involve the consideration of almost every phase of power 
transmission. Certain points, however, stand out in importance 
above all others, and they will be discussed in the following order, 
viz.: 

1. The organization of the operating staff. 

3. The means of communication. 

3. Load factor, and the economical distribution of load between 
steam and water-power stations. 

4. Speed regulation. 

5. Voltage regulation and power factor. 

6. Arrangement of high-tension lines, switches, and transformer 
stations, etc. 

7. Sudden disturbances on high-tension lines, from lightning, 
etc. 

The statements made in this paper do not, of course, necessarily 
apply to systems operating under different conditions to those 
here referred to. 
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1. The OEGANizATiosr of the Operating Staff. 

The success of a transmission company depends more upon the 
organization and efficiency of its operating staff than on anything 
else. From the lowest to the highest there should he an ambition 
to rise to higher responsibilities and a readiness to do anything 
possible, even to the extent of taking some personal risk, in order 
to keep the service going through storm and accident. The staff 
will be composed of technical engineers and artisans. The techni- 
cal men should have an all-round engineering foundation, and 
must be especially trained in the art of observation — mere elec- 
tricians are useless in a large power plant. The artisans should 
be encouraged to study with correspondence schools as much as 
possible. Even a helper or stoker who does not endeavor to pre- 
pare himself for a higher position should be dropped out. In the 
operation of many power plants in parallel, more than in any other 
business, is it necessary that there be perfect harmony between all 
departments and confidence between operators and their superiors. 

The chief operating engineer should have jurisdiction over all 
power-houses, transmission lines and distributing stations, and 
should be held responsible for the delivery of the power to the ser- 
vice mains. His headquarters should be at the receiving end of the 
system, from which points he or his assistants should direct all 
operations. All operating engineers should be technical men who 
know every corner of the system. The superintendents of power 
stations should be held responsible for all that pertains to their 
stations, whether water power or steain plants, and should be 
trained artisans, rather than technical engineers. 

All the transmission lines operated by one company should be 
under the care of one man who should have under him a capable 
staff of patrolmen. It does not pay to use any but skilled linemen 
for this work, and character is as important as skill. 

2. The Means of Communication. 

It is impracticable to operate many power plants in parallel with- 
out private telephone service between all power-houses and sub- 
stations. The whole telephone system should be laid out and 
operated with as much care as the transmission lines. Every im- 
portant station should have two lines of communication, for when 
an accident occurs, a power-house may be inoperative until com- 
munication is established. It is good practice to build independent 
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telephone lines parallel to the transmission lines, but this is by no 
means necessary, as perfect service can be obtained with telephone 
lines properly arranged on the same poles, either with or without a 
grounded neutral on transmission line, and the indications on a 
telephone are invaluable in giving warning of impending troubles, 
in locating break-downs and in indicating high-volt surges. The 
requirements for good telephone services are : good insulation, both 
on transmission lines and telephones; strong construction, so that 
no storm will break the wires; good protection to operators against 
accidental high voltage; and transpositions on both high-tension 
and telephone lines. "Without sufScient insulation on the trans- 
mission lines for the voltage carried, a telephone line on the same 
poles is simply inoperative. For the telephone line itself the best 
of insulation can be obtained by using porcelain insulators de- 
signed for 2000 volts lighting service and it pays to do this. All 
wiring inside and outside of buildings should stand a puncture test 
of 3000 volts. All plugs and jacks should be replaced by knife 
switches. Knife switches should be arranged so that both bell and 
telephone can be cut off from the line. The telephone should be 
connected on only when in use. For protection of telephones and 
operators in case of cross with high-tension lines, a simple spark- 
gap to ground between two large metal cylinders has been found 
quite effective. These should be placed in a fireproof cell or out- 
side the building. Strength is best obtained by using porcelain 
insulators and No. 8 iron wire. No copper wire of less size than 
No. 6 B. & S. will stand the stress of weather without breaking, and 
iron works very well. 

Good service can be procured by placing telephone wires close 
together and transposing once in half a mile. With high-tension 
lines untransposed there is considerable induction between tele- 
phone line and ground. On a 45-mile 28,000-volt line in Utah, 
the voltage between telephone line and ground from this cause is 
about 1000, but in spite of this the telephone service is perfect 
even in wet weather. Of course any one ground on the telephone 
line renders the line inoperative, but the transposing of the high- 
tension line will probably remove this difficulty. 

3. Load Factoe. 
The economical distribution of load on a number of plants 
operating in parallel is dependent on the load factor of the system. 
For any given set of conditions, covering cost of construction of 
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water power and price of steam coal, there is a certain load factor 
at which it costs the same to generate by steam as water power. 
If the load factor is less than this amount it pays best to generate 
by steam, if greater by water. To obtain the greatest returns from 
a water-power plant every cubic foot of water available must.be 
utilized economically. On a stream where no storage is possible 
this means a constant load. If there is sufficient storage to take 
care of daily fluctuations, a water-power plant may be run econom- 
ically on a very low load factor, with a maximum use of the water 
equal to from two to three times the minimum flow. In irrigation 
districts however, it is necessary to build a storage reservoir below 
the power-house as well as above, in order to equalize the delivery 
of water to the ditches. By a proper combination of water-power 
plants (some with storage, others without), and a steam plant, all 
proportioned properly in relation to one another and to the load 
factor, it is possible to utilize every cubic foot of the water in the 
minimum season and to obtain an economy that is greater than 
either by steam alone or water alone. With such a combination, 
the water-power stations which have no storage can always be run 
at full load; and when water is scarce, the steam plants can be run 
at full load all the time and the peak can be taken by the water- 
power storage plant; whereas when water is flush the steam plants 
can be used for peak loads and emergencies only or can be shut 
down altogether. This principle can be extended beyond the 
fluctuations of a day, to the variations of a season or a year, and 
advantage can be taken of the fact that the low-water season of 
one stream does not coincide with that of another. 

All this is being done in Utah, and during low-water seasons not 
an available drop of water is allowed to pass the Utah Light and 
Eailway Company's power-houses without generating power, and 
that without interfering with irrigation. 

The load factor of a mixed system of lighting, street railway and 
general power and mining service is not higher than 35 to 40 per 
cent and the tendency is not upwards. Even in smelters or mining 
camps where operations are carried on day and night the load 
factor is never much greater than 40 per cent; and while flour 
mills, pumping plants and some other operations may be continu- 
ous, there are always many intermittent services to affect them. 
It is this low load factor that limits the economical distance of 
power transmission more than anything else. 
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4. Speed Eegulati6n. 

Good speed regulation is absolutely essential to the success of a 
large power system, but it is dependent on the ratio of the total 
variations to the total load to a much greater extent than engineers 
generally care to admit. In small systems supplying power for 
very variable loads, good speed regulation is hard to obtain with 
the best of governing arrangements. In large mixed power 
systems, however, conditions are conducive to steady speed, for 
though variations of load produced by street railways, elevators, 
hoists, etc., may be large and rapid, no change in speed can occur 
without changing the speed of every generator and motor and 
every piece of machinery on the system. In addition to this great 
total inertia, every change in speed of machinery is accompanied 
by a corresponding change in load, which is another factor tending 
to constancy of speed. On the other hand a large motor load 
introduces variations very great in proportion to total load during 
the dinner hour and at starting time in the morning. 

In every steam or water-power plant there is a certain time limit 
between the variation of the load and the application of the power 
to meet it. This time limit is dependent upon the design of the 
governor, the inertia of the moving parts and the inertia of the 
steam or water. When operating plants in parallel, the inertia of 
the moving parts is the inertia of the whole system. 

If a number of power plants operating in parallel were each 
equipped with the same kind of governor, each governor being ad- 
justed to act on the controlling mechanism at the same time, it 
would be found that an increase of load would be first taken up 
by the steam plants, next by the water-power plants which were 
running on a constant stream with impulse wheels and deflecting 
nozzles, next by turbine plants with short pipes and ample fore- 
bay, and a long time after these, by impulse wheel or turbine 
plants where the regulation was performed by varying the velocity 
in long pipes. In order to make such an aggregation of plants 
govern simultaneously, so that each should take its share of load 
variations, it would be necessary to adjust the governors of all to 
the time limit of the slowest plant. In practice it has been found 
almost impossible to do this, and it will generally be found that 
the governing of a system of this kind is done from the largest 
water-power plant, or by a steam plant, or possibly by both. When 
a steam plant is running in parallel with water-power plants it is 
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generally necessary to have an adjustable dashpot on the governor 
to make the action slow, otherwise the steam engines will have to 
take up all the variations. 

The solution of a difficult governing problem is now being at- 
tempted on the ' Telluride Power and Utah Light & Eailway 
Company's systems which are paralleled together at Salt Lake City. 
It is required to deliver a constant amount of power from the 
former to the latter system, while at the same time each has to be 
governed for its own variable load. To do this with speed governors 
alone is a physical impossibility, for if all the governors could be 
adjusted to work within the same time limits the aggregate load 
variations of the two systems would be shared in proportion to 
governing capacity on each; while if the governors are not ad- 
justed to work together, the quickest acting governors will take up 
the total variations on both systems. In either case there must be 
a variation in the power passed between the two systems. The 
problem might be solved by governing each system by independent 
electric governors, regulating in accordance with the variations of 
load on each system respectively. The arrangement of lines and 
distributing points makes this impracticable however. The only 
practical solution of this problem lies in the direction of increasing 
the amount of power delivered from the one to the other system 
until the variations caused by the governors bear a small ratio to 
the total. This problem may at any time become important to two 
large systems operating in adjacent territories. 

5. Voltage Eegtjlation. 

The requirements for good voltage regulation on a large system 
running several plants in parallel are : 

1. Good speed regulation. 

2. The control of the whole system by one engineer operating 

from the main receiving and distributing center. 

3. Good inherent regulation of all generators. 

4. Lines of ample carrying capacity and small drop. 

5. Ample transformer capacity at all points where inductive 

apparatus is used. 

6. Low-tension distributing systems laid out for small drop in 

feeders, transformers and secondary mains. 

7. The proper control of idle currents between stations. 
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8. The regulation of the power factor, on stations or on dis- 
tributing system. 

If these points are all attended to, good service can be given with 
a mixed load consisting of lighting, railway and power service; if 
any one of these is neglected, bad service must result on part, if not 
on the whole, of the system. The first and second requirements 
have already been discussed here. As regards the fourth require- 
ment it may be pointed out that a transmission system having a 
large drop is justified only when the load is constant and the loss 
of power immaterial from a financial point of view. The fifth re- 
quirement is also fully appreciated now and all transmissionmen 
know by experience the importance of providing ample transformer 
capacity for induction motors which have to be started against load. 
With a given transformer capacity, the resistance-in-armature type 
of motor will start against a much heavier load than the squirrel- 
cage type, simply because the large starting current of the latter 
type reduces the voltage so much more than the small starting 
current of the former. In regard to the sixth requirement it may 
be stated that automatic feeder regulators of the three-phase in- 
duction type are being used with satisfactory results for regulating 
the 2000 and 4000-volt feeders in Salt Lake City. These regu- 
lators not only compensate for drop in feeders, transformers and 
secondaries, but also for speed variations caused by slight accidents 
or short-circuits on the system. 

A great deal might be written on the subject of the seventh and 
eighth requirements. The operating engineer at the main receiv- 
ing center should have the control of the voltage, while the power- 
house operators should take care of the speed. In a mixed system 
of lighting, railway and power service, the maximum loads at dif- 
ferent points of the system occur at different times. Consequently 
it has been found best to carry approximately constant voltage at 
the receiving stations, to compensate at the power-house for drop 
in transmission lines only, and to compensate for variations of 
drop on the distributing feeders by regulating apparatus at the 
receiving end. No special difficulty has been found in regulating 
for a mixed load of lights and induction motors. A variable load 
driven by an induction motor has a useful tendency toward self- 
regulation for the low-power factor at light loads causes nearly the 
same drop of volts as the high-power factor at full load. 

A line of great capacity, such as the Telluride Power Company's 
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40,000-volt lines, requires a heavy ind^ictive current at light loads 
to compensate for the rise of volts due to the capacity. On a single 
80-niile line from this company's Logan power-house, delivering 
750 kilowatts at Salt Lake City, at a power factor of 100 per cent, 
the power factor at the power-house is about 60 per cent. 

On a mixed system, the power factor can be kept at any value 
between 90 and 100 per cent by the use of synchronous motors 
driving railway generators; but for the regulation of voltage, 
synchronous motors are not of much value unless used for that 
purpose alone, because when loaded with work current they have 
not sufficient current capacity for regulating. Unless synchronous 
motors are under the control of the power companies' operators, 
pumping and other regulating difficulties will be caused by wrong 
adjustment of exciting current. 

Sixty-cycle rotaries are too sensitive to be used as regulators and 
to operate them in parallel without pumping, variations of speed 
and voltage must be very small. If any trouble occurs on a 60- 
cycle system it is generally aggravated by rotaries. 

When operating in parallel, cross-currents between power-houses 
introduce conditions which may seriously affect the voltage regu- 
lation. If the exciting current of the power-houses is not properly 
adjusted, some will tend to produce higher voltage at the receiving 
end than others and idle currents will flow which will be lagging 
with respect to the former and leading with respect to the latter. 
The amount of these currents is dependent upon the relative dif- 
ference in excitation, the load and the line constants. These idle 
currents may be eliminated in two ways; first, by adjusting the 
excitation of the several power-houses; second, by voltage regu- 
lators placed in circuit between the transmission lines at the re- 
ceiving end, which can be adjusted to maintain that difference of 
voltages between lines which is required to prevent the flow of 
cross-currents. 

Formerly the desired results could only be obtained by trial and 
experience. Now, however, by the use of power-factor meters on 
every generator on the system, the adjustments can be made with 
accuracy to meet any conditions of line or load. The power-factor 
meter has become an indispensable adjunct in the operation of all 
synchronous machinery on large systems. 

The fact that the excitation of the power-houses depend on 
variable conditions on different parts of the system, seems to point 
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to the impracticability of using any automatic device for controlling 
exciting currents on large parallel systems. 

6. The Arrangement of Transmission Lines, Teansformeii- 

' HOUSES, Etc. 

While break-downs on transmission lines cannot be altogether 
prevented, it is possible to so nearly approach continuity of service 
that even the exacting requirements of a smelter can be met. This 
can only be done, however, by the exercise of the greatest care in 
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Fig. 1. — General aiwiangement op high tension lines and S'wrrcHES 
POK a number of power houses in same locality supplying power to 
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the arrangement, construction and operation of the switching ap- 
paratus, transmission lines and transformer-houses. Nothing but 
failure will result if the transmission lines are not mechanically 
strong and well insulated, but good construction and duplication 
of lines and power-houses are of little avail unless the general 
layout of the limes and switches is of the simplest kind. 

The trend of experience in line construction points to the use 
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of long spans of stranded copper with steel towers, porcelain in- 
sulators and rigid iron pins. There is a tendency to increase rather 
than to diminish the cost of construction, so that the cost of copper 
and, therefore, the choice of voltage, is by no means the greatest 
consideration in designing transmission lines. In locating a line 
it should he remembered that accessibility for patrol and repairs is 
more important than saving of distance. Transmission lines should 
be constructed so that nothing but outside interference will break 
them down. Between every important power-house and distribut- 
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ing center there should be at least two lines, and sometimes two 
routes are advisable. On very long transmissions there should be 
section-switch stations (see Fig. 1) so arranged that portions of the 
line can be cut out for repairs without putting the whole line out 
of service. Unless this is done, each line must be designed to carry 
the maximum load transmitted with a small drop. Very long lines 
will seldom be financially justified unless a very considerable busi- 
ness can be done on the way. On the other hand, isolated sub- 
16 
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Stations on an important line are a serious detriment to sendee, 
unless the business done will justify a good section-switch station 
with an operator constantly in attendance. 

The best arrangement for the transmission lines of a system 
operating many plants in parallel depends on the location of the 
power plants with respect to the present and prospective points of 
distribution. In systems consisting of several power plants located 
near one another and transmitting power to a distant point, the 
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arrangement does not materially differ from that of a single power- 
house. In this case it is usually best to treat the smaller plants as 
generating units of the most important power-house, as represented 
in Fig. 1. In systems where the power-houses and distributing 
points are scattered, the transmission lines will take either the form 
of a duplicate bus to which will be connected all the power-houses 
and receiving stations, as shown in Fig. 2, or else will be laid out 
in the form of a ring main as shown in Fig. 3. 
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Whether for station bus-bars or transmission lines, the ring main 
divided into sections as shown in Figs. 3 and 5 has been found to 
be the most practical arrangement to operate. If the business be- 
tween any two points on the ring becomes so important as to war- 
rant a duplication of lines between them, the system can generally 
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be resolved into two or more rings all passing through the im- 
portant center as shown in Fig. 4. 

Fig. 5 shows the ring system as applied to power-houses and 
transformer stations, from which it will be seen that it is prac- 
tically equivalent to a group-switch system. With this layout any 
group of transformers, feeders or generators with its corresponding 
transmission line can be separated from the rest of the system in 
an instant by opening the high and low-tension ring bus switches. 
This arrangement in a transformer-house is ideal when each group 
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of transformers has capacity to carry all the power that can be 
delivered over the corresponding line. 

Short-circuits on transmission systems may be caused by failure 
of transformers, lightning arresters or line insulation, or by out- 
side interference by nature, man or beast. Their frequency is 
a measure of the efficiency of construction and management.- They 
■will vary in severity from those which cause just a flicker in the 
lights to those that may shut down a large station. Short-circuits 
on the low-tension side of receiving stations will never seriously 
affect the system as a whole. Short-circuits on transmission lines 
which can be burnt off, will seldom throw power-houses out of 
step and should cause very little interruption. Even very severe 
short-circuits will not throw power-houses out of step unless occur- 
ring on the line between them or very close to one of them. In a 
well-laid-out parallel system no failure on transmission lines can 
cripple the whole system, and rotaries and motor-generators will 
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stay in step through many shorts. It is when a short occurs 
which cannot be burnt off, or which throws power-houses out of step, 
that the efBcieney of layout and operating staff is tested. It is 
not the short-circuit which hurts the service, but the stopping of 
machinery and time taken to get under way again. 

Under normal conditions there is no difficulty in cutting genera- 
tors and synchronous motors in or out of service, or in synchroniz- 
ing power-houses on lines at any point in the system, but when 
everything is thrown out of step or stopped by a severe short-circuit, 
synchronizing is altogether too slow. All sjmchronous motors 
should be self-starting from the alternate-current end, or at least 
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should be designed so that the alternate current can be switched 
on after they have been given a preliminary spin. Two-hundred 
horse-power synchronous motors have been regularly started with- 
out any compensators for a long time in Salt Lake City. Power- 
house generators can be synchronized very rapidly, but time can 
be often saved by running them to speed approximately and switch^ 
ing on to the live circuit before closing the exciting circuit. 
In the Los Angeles system, it is a rule to open the exciting circuits 
on all generators and synchronous motors, except at the largest 
station, whenever a short-circuit occurs. As soon as the trouble 
is cleared, the main station generators bring up speed and volts, 
the other generators and motors are pulled into step and the sta- 
tion operators close the exciting circuits. This is a very good 
Piethod of starting, but is not applicable to every condition. 

It is in clearing short-circuits on transmission lines, that the 
ring system as illustrated in Figs. 1, 3, 4 and 5 is so superior to 
the duplicate bus system shown in Fig. 2. When a short-circuit 
occurs which does not clear itself at once, the ring bus switches 
can be opened up so as to resolve the system into two or more 
separate parts complete with their own power-houses, lines and 
loads. This immediately locates the trouble, the short-circuited 
line can be quickly cut out, and the load on the short-circuited 
eection transferred to the adjacent portion of the ring without any 
delay for communicating between stations. Automatic circuit 
breakers can be used for these ring bus switches with great advan- 
tage, but except on unimportant branch circuits, they can be used 
nowhere else on a transmission system of this kind. Keverse-cur- 
rent circuit breakers for cutting out a short-circuited line will 
not work, for under normal conditions on a parallel system 
power may be coming from either direction at any time. 

High-tension air switches have played an important part in 
the building up of transmission systems. They can be made 
simple, strong and safe for outdoor operation even at 40,000 volts, 
but at best they are makeshifts and must be replaced by oil switches 
which have proved reliable in service on the highest voltage now 
in use. 

So far as the operation of large parallel systems is concerned, 
it appears that the question of transformer windings, star or 
delta connections and grounded neutrals are likely to be settled 
by circumstance rather than by design. A delta-connected system 
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can operate without a grounded neutral, a star-connected system 
cannot. Large parallel systems are almost certain to have both 
star and delta-connected transformers working togetlier; and ques- 
tions of cutting out one transformer in a bank, or of abnormal 
voltage caused by break-downs, become unimportant on account of 
the large number of banks in use. The fact that with a grounded 
neutral, the break-down of a single insulator makes a short-circuit, 
is not important if the lines are properly laid out, and when break- 
downs occur the quicker something burns off and the line is cut out 
the better. 

In the layout of transformer stations, space and simplicity of 
wiring is a greatei: protection than all the fireproofing yet devised. 
Lightning arresters, transformers and switches should as far as 
possible be in separate fireproof rooms. High-tension wires should 
be covered with high-volt insulation and supported on insulators. 

7. Lightning and Other High-Tension Disthebaitces. 

In the first few years of long distance transmission high-tension 
disturbances due to switching, short-circuits, etc., were little under- 
stood and not of much importance. As systems increased in size 
and were paralleled together, however, these disturbances increased 
in frequency and severity and it was found that the earlier trans- 
formers were not sufficiently well insulated to withstand the shocks. 
Short-circuits on large systems operating in parallel are liable 
to be more severe than on single systems, because power is supplied 
from both ends of the line. 

Fortunately however," the disturbances due to switching and 
short-circuits, etc., are now pretty well understood and have definite 
limits, and no trouble need be feared from them if the transform- 
ers are properly wound and insulated and lightning arresters and 
oil switches are carefully installed. 

Disturbances due to gradual change in atmospheric conditions 
and difEerences in elevation of lines, etc., are well cared for by 
modern lightning arresters without disturbing the system. The 
limits of the high-voltage surges resulting from the sudden re- 
lease of static charges on the lines are determined by the insula- 
tion of the weakest part of the line affected, which should of 
course be the lightning arrester. Except for the fact that a large 
parallel system is exposed to more changes in atmospheric condi- 
tions than systems with short lines, there is no evidence to show 
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that the disturbances increase in energy beyond what should be 
expected from the increased capacity of the lines. 

The disturbances due to short-circuits, switching and static 
charges are, however, trifling, compared with those that may be 
set up by lightning dischargo':. It must be confessed that no 
real progress has been made in apparatus to protect against these 
disturbances, and today the choking effect of the transformers 
and the high insulation of the windings, both of the oil and air- 
blast type, is their own best protection. This has been demon- 
strated over and over again by discharges from terminal wires of 
transformers to case, across sparking spaces many times greater 
than the total gaps on the lightning arresters, and in spite of the 
protection of choke coils of the most recent design. 

The disturbances set up by lightning discharges range in severity 
from those that can be easily taken care of with existing apparatus 
to those that may wreck a station. The latter seldom occurs, but 
when they do, the result is like an explosion and no plant in a 
thunderstorm district can claim to be protected. A lightning 
discharge which strikes the line shatters insulators and poles 
and is intensely local in its action, for the simple reason that 
the voltage is so high that line insulation must break down close 
to the point of discharge. 

The sudden raising of the voltage of the line, to the break- 
down point, will, however, send static waves along the line. The 
voltage of these waves and the distance at which they may be 
effective depends chiefly upon the strength of line insulation. 
With wooden pole lines, the insulation to ground may be very high 
in dry weather and under these circumstances the static wave may 
be of very high voltage. Some waves have passed from line to 
ground across a 12-in. dry air-gap on a 40,000-volt line. This 
has occurred on several occasions without damage to transformers. 

It follows, from what has been written above, that the extend- 
ing of a system to cover a very large area, while exposing it to 
the action of more storms, and consequently increasing the number 
of the disturbances, does not by any means increase the severity 
of the secondary disturbances which are limited by the insulation 
of the line. 

Transformers should be insulated between layers of high-voltage 
windings to withstand shocks that will break down the line in- 
sulation. Money spent on extra insulation inside the transform- 
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ers will probably bring better returns than the same expenditure 
on outside protective devices. 

It seems probable that steel towers will be ideal for protecting 
stations and apparatus from the more severe effects of lightning 
disturbances. 

There are many other points bearing on the subject of this paper 
to which a reference only can be made here. 

While it is generally cheaper to store water-power than elec- 
tricity, some transmission plants cannot give satisfactory service 
without storage batteries, and on nearly all it pays to use them to 
a greater or less extent both on account of regulation and emer- 
gencies. 

It wiU be asked whether it pa)fs to operate so many plants in 
parallel instead of generating power in one or two large plants. 
This depends entirely on local considerations, and the answer is 
sometimes yes, sometimes no. When there are convenient water- 
powers it will nearly always be found that a combination of water- 
power and steam gives the most economical results. The opinion, 
however, cannot be too strongly expressed, that a depreciation 
charge of 10 per cent per annum, at least, should be made on the 
whole cost of construction of both steam and water-power plants. 
The neglect to do this may be hidden by reorganizations or ab- 
normal growth of business, but it means financial failure sooner 
or later. It is extraordinary how often people, who ought to 
know better, will shut their eyes to this fundamental law of 
engineering finance. 

As regards the bearing of parallel operation on future develop- 
ments, it may be pointed out that it would be possible to-day to 
operate a string of steam and water-power plants in parallel from 
the Atlantic to the Pacific Coast and to supply power to trunk 
railroads with so few interruptions that train service could be 
as punctual as it is today on steam roads. 

The author's acknowledgments are due to many engineers who 
by advice, suggestions and investigation have helped in the 
solution of many difficult problems but most of all are they due 
to the members of an operating staff upon whom has fallen the 
burden of all the troubles and difficulties experienced in the course 
of nine years' work in transmission in the State of Utah. 
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Discussion. 

Chairman Scott: Tlie papers of Mr. Hancock and of Mr. Haywood 
are open for discussion. They reveal another side of station operation 
■which men in the laboratory or in the engineer's office would hardly dis- 
cover. They show the workings of the operating system, Mr. Hancock's 
paper in particular dealing so much in detail with the operating force 
of a large system, throws an excellent light on that side of the problem. 
Mr. Hayward has done just what he was invited to do' and has given 
some of his experiences from his o^vn work on the system with which he 
is connected. 

Mr. P. N. NUNN: While the problem of lightning arresters for high 
voltages has not been fully solved, it seems hardly fair to say that 
nothing has been accomplished. While arrester service in Utah has been 
far from satisfactory, no high-voltage transformers have ever been lost, 
and but trifling repairs occasioned through lightning. If it is possible, 
as suggested, to get higher insulation for a slightly increased first cost, 
without sacrifice in the characteristics of the transformer, it is undoubt- 
edly wise to do so. Quite aside from lightning, however, effective and 
reliable arresters are needed to protect from those other disturbances 
incident to long distance transmission, which interfere with the use or 
perfect operation of automatics and similar devices. Mr. Hayward's 
paper advises " The control of the whole system by one engineer operating 
from the main receiving and distributing center," and says " The operat- 
ing engineer at the main receiving center should have the control of 
voltage, while the power-house operator should take care of the speed."' 
This strongly suggests that in the case of a power company with many 
customers, its plant should be operated for or by some one customer. In 
the present instance, the producing system is operated for constant 
voltage, and the customer has been advised and is now preparing to 
receive his power through induction regulators, which will put within his 
reach the control desired both as to voltage and power factor. 

Mr. C. S. Ruffnee: Mr. Nunn has asked for a statement of the results 
of this experiment. The experiment has not been carried far enough 
along yet to give any very complete results. A small regulator was 
put on one of the circuits connecting the two systems, being adjusted 
for only the part of the load that the regulator could take care of, and 
it showed such improvements in the power-factor that we feel there will 
be no doubt about the feasibility of controlling the entire load with a 
regulator of this kind. The difficulty has been that the ratio of the 
transformer connections between the two systems has been such that it 
made the receiving system take a leading current, which was, of course, 
added to the charging current of the lines, and gave at the generating 
station an extremely heavy current overload. By means of this regulator, 
bringing the voltage of the two systems into the proper adjustment, it 
will be possible to let the charging current from the one system supply 
the lagging component of the load on the other, giving more nearly a 
unity power factor at all generating stations, and consequently giving a 
little better voltage regulation on that account. The experiment will b* 
very interesting^ although we have no doubt about what is going to happen 
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after the regulator is installed. The regulator that is to be ordered ig 
of the three-phase induction type, adjusted by hand. At present we 
have made no arrangement for any automatic adjustment, on account 
of the difficulty of being able to tell by the regulator which way it is 
to be moved; that is, the regulator is not able to determine which system 
is delivering too high a. voltage when the voltage at the regulator is too 
high. Any automatic adjustment would, of course, have to be made by 
a device controlled by a power-factor indicator, and it is probable that 
the regulator will have to be adjusted so that the load may be taken at 
different power-factors at different times of the day, varying with the 
power-factor of the different classes of load at the different hours. It is 
the ordinary commercial regulator; the small one that was put in was 
what is known as the I. R. T. regulator, and worked very nicely with a 
small load. The only effect of this regulator is to give a controllable 
variation in the ratio of transformation, and the regulator seems to offer 
the most convenient way of varying this ratio, rather than having any 
variable taps on the transformer. Of course, that could be accomplished 
by the variation in the transformer taps. 

Chairman Scott: One word in regard to the operation of the two 
systems which may clear up a point concerning which a member has made 
a query. The two systems may, in a way, be regarded as having the . 
same function as two alternators running in parallel. Those two alter- 
nators are to deliver power to the system. The power that they deliver 
will depend upon the power that they get, which in this ease will depend 
upon the position of the governors of the waterwheels. The amount of 
power given by the water to the wheels goes through the apparatus and 
into the electric system. Conversely a change in the power which is 
delivered by one alternator, or by the other, or by one system of power 
houses, or the other system of power houses, will depend on the amount 
of power developed by the waterwheels, so that the governing of power 
must be done in the hydraulic part of the system. It cannot be done 
through speed governing of different parts because all the parts must run 
at the same speed. Again, when two alternators are running in parallel, 
they may deliver a leading or a lagging current. They may deliver the 
cut-of-phase-current equally, or one may deliver more than the other. If 
there are lines to be charged, one generator may do all the charging or 
the two may work together. If there be induction motors to be supplied 
with lagging current, one may supply all the current or the other may 
supply all the current or the two may work together. That adjustment 
depends not on waterwheels but on field charges and the voltages produced. 
And to make one generator or the other carry more or less of the out-of- 
phase-current, it is necessary to change the voltage through adjustment 
of the field charge. Now these two systems are operating conjointly in 
one sense and independently in another. If one is to be operated at a 
little higher voltage than the other when the two are linked together, 
the only way to link them satisfactorily is by transformation; that is, 
through a transformer, by letting one run at one hundred per cent and the 
other at say a-hundred-and-ten per cent and making the adjustment 
through the regulator; and as that adjustment changes from time to 
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time through the day, it is a matter which must be under control. If 
independent regulation of voltage on the two systems ia attempted by other 
means, the out-of-phase-eurrent between the two systems is apt to be 
troublesome. 

Mr. Nunn: It may make this matter clearer to explain that the line 
in question is nearly 200 miles long, having a large charging current, 
supplied equally, we may say, by generating stations at either end, so 
that, at the center point — Salt La,ke City — only work current necessarily 
flows. Although the Salt Lake system has a large lagging component 
within itself, it may take its purchased power at unity power factor, but 
if its voltage drops below that of the transmission, this entire charging 
current may be dravm from the terminal stations to the Salt Lake sys- 
tem, to combine with the lagging component at that point, thus raising 
the power factor at all power houses, but reducing the power factor of 
the purchased power. The same thing may go further, and in either 
direction, and under normal operation the conditions are very unstable. 
This may be entirely controlled through proper attendance at the regu- 
lators. 

Mr. K. S. Hutton: I do not quite understand this. If the delivered 
load on one system has a heavy lagging component and the other has a 
heavy leading component, putting the two together, it seems to me instead 
of lowering the power factor on both of them — in other words, giving 
them both heavier current — it would result in counteracting one an- 
other, and they would both have less current than before. 

Mr. NuNN: It is true that under u, certain fixed condition there might 
be unity power factor at all generating stations. In this particular in- 
stance, however, the power company has other lagging current to provide 
for which takes up all the charging current, and therefore has contracted 
with this customer to maintain a unity power-factor. 

Mr. Hutton: I might mention one other point. I understand the idea 
they have in getting the two voltages of the receiving stations the same, 
is that they can put them together without having one system disturbing 
the voltage of the other. We are practically doing the same thing, only 
instead of using the induction regulator, we prefer to use the regulator 
heads on the transformers, for the reason that the induction regulator is 
a very expensive machine, something like $13.00 per kilowatt for a 200- 
kilowatt size. 
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As transmission voltages, actual or proposed, become higher and 
higher and transmission distances reach out farther and farther, 
it is interesting and profitable to inquire into the probable maxi- 
mum distance to which powei^ will be commercially transmitted. 
As with most engineering enterprises, the limitations will come 
through economic conditions, and the greatest distance to which 
power will ever be transmitted will be the greatest distance through 
which it can be economically (using the word in its broad sense) 
transmitted. 

In endeavoring to make such forecasts as will be here attempted, 
it should be borne in mind that every limitation which we put 
upon ourselves by the assumptions necessary in order to obtain 
definite representative figures, adds to the chance of our forecast 
proving erroneous. For instance, the first assumption we must 
make is that in the future power will be transmitted in the same 
way as now. This may not hold. There may be devised some 
other and better way not involving the use of transmission lines. 
Such, however, does not appear probable. Other assumptions 
which must be made as to methods of construction being the same 
as, or similar to, those at present in use, may be eventually so 
modified by skill and experience as very materially to change any 
conclusions which may be arrived at now. This is less improb- 
able. Conditions, industrial and financial, may so change that 
the constants now assumed as fixing costs, interest, etc., will be 
materially modified. This is very probable. Finally, it is certain 
that with the course of time the value of power will increase, and 
this will materially modify any figures at which we may now ar- 
rive. The present conditions of practice and possibility are suffi- 
ciently definite, however, to warrant a forecast with the expectation 
that it will be applicable, approximately at least, for some con- 
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siderable time to come. At any rate, the method of treatment 
of the subject herein adopted will, with suitable changes in the 
value of constants, apply so long as present methods of power 
transmission obtain. 

The elements which, in the broadest sense, limit the distance 
to which power can be economically transmitted, are two — the cost 
of power at the generating station and the price which can be 
obtained for the delivered power. The difference between these 
two elements must cover the cost of transmission, the interest on 
the investment and the profit. The cost of transmission comprises 
the loss of power in transmission, the cost of operating, the cost 
of maintenance and repair. The value of the sum total of the 
interest which must be paid upon the investment, and the mini- 
mum profit which is considered satisfactory, will have much weight 
in determining the limiting distance of transmission. The less 
this sum is the farther power can be transmitted; a low interest 
rate and a low rate of dividend will, therefore, be conducive to 
long transmissions. 

Let us consider in a general way the manner in which the in- 
vestment in a transmission plant and the annual charges and ex- 
penses in connection with the plant vary with different outputs, 
voltages and distances of transmission. For a given voltage, drop 
and distance of transmission, the cost of all the apparatus and 
equipment, except the line conductors, will increase more slowly 
than the output of the plant. That is, the greater the output of 
the plant the less the cost per kilowatt of all the equipment, ex- 
cept the line conductors. This will be true of the operating 
expenses also. Therefore, since the interest charges and the 
charges for depreciation and repair are dependent upon the invest- 
ment, the greater the output of the plant the less will be the quanti- 
ties going to make up the annual cost per kilowatt of transmitting 
power, except those depending upon the line conductors. Since 
the weight of the line conductors, under the conditions assumed, 
will vary directly as the amount of power transmitted, those ele- 
ments of the annual cost per kilowatt depending upon the line 
conductors will be practically constant for all amounts of power 
transmitted, and can not be materially reduced by increasing the 
amount of power transmitted. With the same voltage, economic 
drop and output, the elements of annual cost per kilowatt due 
to the line structure (pole line) and to its extent (patrolling, 
etc.) will increase directly as the distance. But, as outlined above, 
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any increase of cost in line structure due to increase in distance 
' can be offset by increase of output. On the other hand, the weight 
of the line conductors increases as the distance (for the same 
economic drop — as the square for the same drop) and the elements of 
annual cost per kilowatt due to the weight of the line conductors 
will, therefore, increase as the distance, no matter what the output. 

It appears, tlierefore, that all the elements in the annual cost 
per kilowatt for transmitting power, except those dependent upon 
the line conductors, may be indefinitely reduced by increasing the 
amount of power to be transmitted. The annual cost per kilowatt 
due to the line conductors can not be so reduced. It can be 
diminished only by such other means as will reduce the first cost 
of the conductors. As the first cost of the line conductors can 
be reduced only by increasing the voltage of transmission and as 
there is a limit to which such increase can be carried, it follows 
that the limiting distance to which power can lie economically 
transmitted will depend, finally, upon the cost of the line con- 
ductors and upon this alone. The limit of voltage referred to is 
not necessarily that due to physical considerations, such as difii- 
culties of construction, air losses between conductors, etc.; for, 
leaving such matters out of consideration, it is easy to imagine 
the voltage carried to such a high value as will reduce the line 
conductors to the point when the increased cost of transformers 
and insulators, due to a further increase of voltage, will over- 
balance the saving in the line conductors, due to such further 
increase. 

It will somewhat simplify the treatment of the subject if the 
interest charge be included as a part of the cost of transmission, 
and profits be represented by a percentage on the investment. 
This course will, therefore, be pursued. That is, it will be assumed 
that in the cost of transmission is included the interest on the 
investment (bond interest), and that over and above this cost there 
must be earned a certain percentage, which percentage will repre- 
sent profits (stock dividends). In addition the following assump- 
tions will be made. 

Power purchased at low-tension bus-bars of step-up transformers 
and sold at outgoing bus-bars of the step-down station. 

Frequency of transmission not less than 25 cycles nor more than 
30 cycles as being the limiting frequencies which, while favorable 
to the transmission of power, are yet suitable for almost all pur- 
poses to which power can be applied. 
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Idle synchronous motors at step-down station to correct for power 
factor, the average power factor of the line being held as near 
unity as possible. In the plants of large output dealt with below, 
the possible approximation to unity power factor will, in spite of 
the iine-charging current, be sufRciently close to, for practical pur- 
poses, justify the assumption of unity power factor. 

That no matter what the capacity of the plant, there will be 
three transmisson lines, each capable of carrying one-third the load. 

That the power factor of the load supplied will be 0.8. 

That no matter what the size of the plant, the number of trans- 
forming units at each end of the line be 18, each transformer being 
normally worked at five-sixths of its rated capacity, so that one 
bank of three may be cut out, if need be. 

That no matter what the size of the plant, the number of cor- 
rective synchronous motors will be six, each being worked at five- 
sixths of its rated capacity. The kilovolt-ampere capacity of these 
synchronous motors must, for a load power factor of 0.8, be equal 
to three-fourths of the kilowatt capacity of the load carried by the 
plant. 

It is evident that the number of units must be considered as the 
same for plants of all capacities in order to take full advantage of 
the decrease of cost per kilowatt, due to increase of capacity. 

The pole lines will be assumed as constructed with 13 steel 
towers to the mile. 

Ideal conditions will be assumed throughout consistent with de- 
livering reliable and cheap power. Since the object is to determine 
the maximum distance, the factors fixing commercial costs of ap- 
paratus will be taken at the lowest values likely to obtain. 

Later on in this paper general equations are derived expressing 
the relations between the distance of transmission and the quanti- 
ties which govern it. By making assumptions, in addition to those 
mentioned above, as to the values of the various co-efficients in the 
general equations and as to the purchase and selling price of 
power, the curves of Figs.- 1, 2, 3, 4 and 5 have been ob- 
tained, which are given and discussed here instead of at the end 
of the paper. Fig. 1 shows the relation between the distance of 
transmission D and the economical voltage E for different outputs 
W; that is, it shows the voltage which it is most economical to use 
for toy given output and distance of transmission. Fig. 2 shows, 
in a corresponding manner, the economical drop. Fig. 3 shows 
ihe diameter of the conductors corresponding to the conditions of 
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Figs. 1 and 3. Pig. 4 shows the relation between Dj the distance 
of transmission, and p, the percentage net profit on the investment 
for different values of output W and for the selling price of $34 per 
kilowatt per annum. Fig. 5, a curve obtained from Fig. 4, shows 
the relation between the distance of transmission and the output 
for a net profit of 12 per cent. 

In obtaining these curves, the constants have all been given values 
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favorable to long transmission distances. The costs have been 
taken lower than those ordinarily current in the endeavor somewhat 
to anticipate possible future prices. Also, the cost of power pur- 
chased at the step-up station has been fixed at the very low figure of 
$10.90 per kilowatt per annum. These facts should be carefully 
borne in mind in considering the curves, which will all be more or 
less modified by changes in the quantities mentioned. 

It is difficult to fix upon a figure for the selling price of the 
delivered power which shall be representative. Power prices are 
60 dependent upon conditions, especially those arising from the 
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location and magnitude of the market and of the supply, that any 
figure chosen will be objected to by some as too high and by others 
as too low. The same condition applies to the price assumed as 
that paid for power at the step-up station, but in a lesser degree. 
The figure herein assumed as the price of the power sold, $34 per 
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kilowatt per annum, is that which seems to the writer will be fairly 
representative, especially in the case of the large blocks of power. 
The writer does not, however, wish to be understood as committed 
to an opinion by the power prices herein, either in the case of pur- 
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chase or sale. The values taljen have been chosen as being as 
nearly representative as possible of the best conditions which might 
obtain, favorable to long-distance transmission. If these figures 
should be criticized in about equal proportion from the standpoints 
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of being too low and too high, respectively, the object in choosing 
them will have been accomplished, since such criticism will be 
evidence of their fairness as a reasonable compromise. 
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The maximuni amount of power dealt with herein, 500,000 kilo- 
watts, is probably too high to be seriously considered at this time, 
but from 200,000 to 300,000 kilowatts is believed to be within the 
range of immediate future possibility. In a plant of this size it 
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is probable that a net return of 12 per cent would be required, not 
alone for the purpose of dividends, but also as a protection to the 
bonds. Under these conditions Fig. 5 shows the distance of trans- 
mission to vary from 512 miles for 200,000 kilowatts to 623 miles 
for 300,000 kilowatts. 
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It appears from the preceding matter that, tinder the conditions 
assumed, the limiting distance of transmission will, for some time 
at least, be in the neighborhood of 550 miles. 

It also appears that voltage limits will be fixed by economic con- 
ditions and not by conditions depending iipon atmospheric losses. 
* * * * * * * 
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The analysis on which depends the general equations from which 
the preceding curves were obtained will now be taken up. 

Let E = voltage in kilovolts delivered to step-down transformers. 
D = distance of transmission in miles, 
a; = percentage of delivered power lost in the line, 
e = efficiency of the whole system. 

Ci = combined efficiency of step-up and step-down transform- 
ers and synchronous motors. 
d = diameter of line conductors in inches. 
W = power, in kilowatts, delivered at the low-voltage bus-bars 

of step-down station. 
c =^ cost, in dollars, per kilowatt per annum at the low-volt- 
age bus-bars of the step-up transformers, of purchased 
power. 
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e = price, in dollars, received for power per kilowatt per 
aninim at the low-voltage bus-bars of the step-down 
station. 
I = a quantity which multiplied into c will give the cost of 
power at the high-voltage terminals of step-up trans- 
formers. 
B = total interest, maintenance and depreciation Charge per 

annum. 
L = cost of labor for operating transformer stations and for 

axecutive and clerical services. 
ilf = total investment. 
(7^ total cost per annum of power delivered, inclusive of 

interest. 
p = a percentage- covering proiit. 

e = — ! — since is the efficiency of the line. 

I + X 1 + x •' 

TFo' TFc ([ 4- x) 

— ■ = ^^ — — — — = total amount expended per annum for 

power purchased, 
Ws = total amount received per annum for power sold. 
IVr 

Ws — G e _ fj 

_ K. (0. 

M 

Now M is made up of 

1 ) . Cost of transformers. 

2). Cost of transformer switchboard apparatus, cables, lightning 
protection, etc. 

3). Cost of building and real estate. 

4). Cost of insulators. 

5). Cost of pole-line material and construction. 

6). Cost of right of way. 

7). Cost of corrective synchronous motors and exciters. 

8). Cost of switchboard apparatus, cables, etc., for synchronous 
motors. 

9). Cost of conductors. 
Cost of transformers will depend upon voltage and output; 
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Cost of transformer cables and controlling apparatus will depend 
upon same quantities as transformers, but in a different way; 
U (E, W). 
Cost of building will depend upon output; 

h (W). 

Cost of insulators will depend upon voltage, diameter of conduc- 
tors and number required, i. e., voltage, diameter of conductor 
and distance of transmission; 
f, (E,d,D). 
Cost of pole-line construction wiU depend upon diameter of the 
conductors and the distance. But the diameter of the conduc- 
tors depends upon voltage, drop, output and distance, hence 
f,(d,D).=f,(E,W,x,D). 
Cost of right of way will depend upon distance only; 

h (D)- 

Cost of synchronous motors will depend upon output only, since 
all other factors of cost will be fixed; 

Cost of switchboards and cables for synchronous motor will depend 
'upon output only; 

Cost of line conductors will depend upon voltage, output, line loss 
allowed and distance of transmission; 
/, {E,M^,x,I)). 

The sum of these nine functions constitutes M, the total invest- 
ment. 
Now E (total interest and depreciation charge) depends upon 

all of the several quantities making up M. 

In what follows, the numerical value of the constants are those 

taken for the specific problem treated herein. 

Let pi = .125 = percentage of transformer cost for interest, de- 
preciation and repairs. 

P2 = -125 = percentage transformer switchboards cost for 
interest, depreciation and repairs. 

Pj = .075 := percentage of buildings cost, for interest, depre- 
ciation and repairs. 

P4 = .10 == percentage of insulators cost, for interest, depre- 
ciation and repairs. 

p, = .125 = percentage of pole line cost, for interest, depre- 
ciation and repairs. 
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Pa = .05 = percentage of cost of right of way, for interest 
only. 

Pj = .135 = percentage of synchronous motor cost, for in- 
terest, depreciation and repairs. 

Pa = .125 = percentage of cost of synchronoue motor, switch- 
board, etc., for interest, depreciation and re- 
pairs. 

Ps = .05 = percentage of cost of conductors, for interest, de- 
preciation and repairs. 

B = the sum of these percentages multiplied respectively 
into the several quantities to which they refer. 

L depends only upon out-put, f^^ (W)- 

The numerical values given for the percentages pi, p2, etc., are 
those which will be used in the specific problem herein treated. 
The rate of interest has in all cases been taken as .05, so that by 
subtracting this from the above values the depreciation assumed 
in each case may be determined. 

If there be substituted in equation (1) the values of M, L and 
R, as expressed by the above symbols, there will result an equation 
expressing in the most general terms the relations between the 
distance of transmission and the quantities which govern it. This 
substitution results in rather an unwieldly expression and will be 
omitted. 

Before proceeding with the determination of the forms of the 
several functions indicated, it will be necessary to enter into a 
discussion of the relations existing between voltage and line loss, 
and the quantities governing them respectively. 
Let J = that portion of the cost per kilowatt at the low-tension 

bus-bars of the step-down station, which is due to line 

loss and to interest on the value of the conductors; 

then, anticipating in part, the matter of a few pages 

further on 

p,K,WD^ 



E^x 



-he Wx 



3 = 



W 



p^K^WD^ 

in which v,o — is the interest on the conductors and 

E^ X 

he Wx the cost of the power lost in the line. 

Setting the first derivative of this with respect to x equal to 
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zero, in order to determine the minimum value of q, we find the 
well-known expression for economic drop 

From this equation for x we may obtain the equation 



E^ 



X 



■ hex 



But the first. member of this equation is the interest on the line 
conductors per kilowatt delivered, and the second member is the 
annual cost of the line loss per kilowatt delivered. That is, for 
most economical conditions the lin§ loss per kilowatt delivered 
must be equal in value to the interest on the conductors per kilowatt 
delivered — a relation also well known. 

As has already been suggested, there will be a limit to which 
the voltage can be carried, due to the fact that although increase 
of voltage will diminish the annual cost of lost power and of con- 
ductors, it will increase the annual cost of certain other important 
factors. The elements of annual cost which are afEected by change 
of voltage are the interest and depreciation of the transformers, 
the interest on the line conductors, the line loss and the interest 
and depreciation of the insulators. The first and last items will 
increase with the voltage because of the increased first cost due 
to the increase of voltage; the other two will diminish. 

Let qi = that portion of the annual cost per kilowatt of de- 
livered power due to the line loss, conductors, insulators and trans- 
formers. It has Just been shown that for best economy the line 
loss and annual conductor cost must be equal, so that twice the line 
loss, 2 he W X, may be taken as representing the sum of the annual 
cost due to line loss and to the conductors. As will be shown later, 
the cost of the insulators will vary as the distance, and as the cube 
of the voltage and the cost of the transformers may be repre- 
sented by 

z/ {E+E^") ^r^- 

Hence remembering that p^ and p^ are the interest and deprecia- 
tion on transformers and insulators, respectively, 

2hcWx + p^K^E^{l + xYD-^p^K^' {E + K^") F^- 
?i- ^y 



or putting in the value of a;= I ° j 



^9 \^ 2> D 
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2 hen WDE-^ + p^ KiE^il+nD E-^yo+p, Z/ (E+E, ")W^ 
q^ = _ 

Now, if the first derivative of q^ with respect to E be set equal 
to zero to determine the best value of E, there results a quartic 
equation more interesting than valuable, so far as the present pur- 
pose is concerned. It will greatly simplify matters if instead of 
substituting the value of a; in (1+a;)* we substitute for x a iixed 
drop (xi) of such value as will correspond to the average cost of 
insulator between the two extreme values of x which will be met 
with in practice; as will be shown later, the error due to such 
course will be small. Hence, 

2 hen WDE-^ + p^ K^ E^ (1 + a;i)3 P + p^ Z/ {E + E^") W "^ 

2i = ^ ■ 

Setting the first derivative of this equation equal to zero, solving 

for E and substituting for n the value, n=^[~ — —) , there 

\ Ac ' 
results 

/ -p, g/ w^ ^ "p^ K^^ w 2 {hep, Zq) '^in ^ 

i 1^^ a/ W \^ 

= 1—3,066— + y 9,400,356^ + 3,438.5 F I (3) 

This shows that the voltage may be increased with increase of 
output. This was to be expected, since for a given cost of insu- 
lators the cost per kilowatt will be diminished as the output in- 
creases. The value of x-^ used in the above equation was deter- 
mined upon as follows: 

The minimum drop which is ever likely to obtain is, say, 2.3 per 
cent, the maximum, say, 11.5 per cent. The reason for selecting 
these values will be apparent on considering the values of E cal- 
culated from the above equation, and given below, in connection 
with the values of W to which they correspond, and the respective 
distances to which, in each case, the various amounts of power 
would probably be transmitted. The intermediate value of drop 
which will give the average insulator cost is 6.45 per cent, and 
this value of x.^ is taken. With this value of x^, maximum error 
in insulator cost, between the limits assigned, will have place when 
a;=r3.2 per cent and when a; =11.5 per cent. The percentage 
error at either of these limits is about 13 per cent. But, as ap- 
pears in the solution of the first derivative of insulator cost, at the 
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point of minimum of the variables affected by the voltage, the 
combined values of the annual cost due to the conductors, the an- 
nual cost of the line loss, and that portion of the annual trans- 
former cost due to voltage, is more than three times that due to 
the insulators. The total variable quantity involved, therefore, 
is more than four times the annual cost due to insulators, and the 
error, as a percentage of the total of valuee of the variables involved, 
is less than \s. ^=3.25 per cent, instead of 13 per cent. As will 
be seen on examining the manner in which x^ enters the equation 
for Ej the maximum error in E will be less than 3 per cent, which 
also will to a like extent affect the values of x. These errors 
are negligible so far as the main problem is concerned, and, indeed, 
as far as the question of voltage itself is concerned. 

In Fig. 1 are shown curves plotted from equation (3). These 
curves show the kilovolts, E; for different distances, D, and dif- 
ferent outputs, W. Fig. 2 gives curves plotted from equation (3), 
using the values obtained from the curves of Fig. 1. The curves 
of Fig. 2 show the percentage drop, xj for different distances, D, 
and different outputs, W. In Fig. 3 are curves showing the diam- 
eters of the conductors for the conditions of Figs. 1 and 2. These 
diameters were calculated from the formula 

which gives the diameter d, in inches, of a solid conductor. These 
diameters were in this case calculated for a solid conductor instead 
of a stranded one, because we have at present available data as to 
the critical point in the atmospheric loss curve for solid conductors 
only, and while, perhaps, this critical point will come at a higher 
voltage in the case of the stranded conductor with its greater 
diameter, there are no definite data at present on the subject. On 
comparing the diameters of conductors given by Fig. 3 and the 
voltages to which they correspond with the values of diameters 
and critical voltage given by Prof. Eyan in his paper on that sub- 
ject^ we see that the diameters of Fig. 3 are considerably above 
those of the paper referred to. It appears, therefore, from the 
present knowledge available, that the limit of voltage will come 
through economic conditions, and not through limitations con- 
nected with atmospheric losses. 

3. See paper read by Prof. Ryan before American Institute of Electrical 
Engineers, February 26, 1904. 
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In the determination of both x and E the quantity h has been 
employed. This quantity is a factor which when multiplied into 
the cost of power at the low-tension bus-bars of the step-up trans- 
formers will give the cost of power at the high-tension terminals 
of the transformers. That is to say, /; takes account of all charges 
which should be made against this power, including interest and 
depreciation of the step-up station, transformers, etc., and labor 
for oj)erating the station, also the loss in the transformers. ISTow, 
strictly, there should be substituted for h the proper functions 
of the quantities on which it depends, but to do so would seriously 
comjilicate the equations and would be of little utility, since h can 
be approximated with sufficient accuracy in any particular case, 
and the manner in which it occurs in both x and E is such as to 
make the error in the quantities due to an error in h much smaller 
than the error in h itself. In the specific problem herein the value 
c^lO.9 is taken as being the lowest which will probably ever 
obtain where large amounts of power are available within trans- 
mission distance of a desirable market. The value taken for h 
in the determination of E and x is 1.1, so that he == 13. 

The next step is the determination of the forms of the several 
functions indicated. In what follows, the constants have been 
evaluated for the specific problem herein. The costs resulting 
from the use of these constants will be found to be, in general, 
considerably less than present commercial costs. The constants 
were purposely based on prices less than can be now obtained in 
the endeavor to anticipate somewhat possible future prices. 

From a careful consideration of transformer prices, it has been 
determined that for transformers of 1500 kw and over, the cost 
installed very closely follows the law 

/i (E,W) =itV (E + K/') F% = 13. {E + K^")WV'' 
:.pj, (E, W) =p^K/ (E+E/') WV^ = 1.625. (E + K^") TF% 
in which K.^' is a constant and K^" a " variable constant," a quan- 
tity which varies slowly with the output in accordance with the 
law 

Z/' = ]c^ + h^ W = 55 + 0.000,227 W. 

Theoretically the transformer cost would vary with the drop 
x^ since the step-up transformers would have an output and volt- 
age greater than the step-down transformers. Practically, how- 
ever, step-up and step-down transformers are built so nearly in 
the same lines that the drop would make little difEerence. Such 
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difference as would exist can be taken care of approximately by 
adjustment of the constants, which has been done. 

While the apparatus for the control of the high-tension side of 
the transformers would theoretically vary with the voltage, such 
variation for 50,000 volts and over will be small, since in most 
modem plants the high-tension switching apparatus is simple and 
higher voltages are likely to cause it to remain so. The lightning 
protection for the high-voltage lines might vary with the voltage, 
but it is probable that for high voltages there will soon be a rever- 
sion to much simpler and inexpensive apparatus than we use now, 
so that the variation, if any, due to higher voltages will be neglible. 
The switchboard for the lower voltage side of the transformers 
will vary only with^the output, since we assume tlie lower voltage 
to be the same in all cases, say 6,000 volts or thereabouts. 

The apparatus for the control of transformers may therefore be 
considered as depending only upon output. Under this assumption 
a consideration of costs of transformer-controlling apparatus and 
cables shows that we may assume, with a close degree of accuracy, 
that 

/, (E, W) = K,' -H iT/' F = 21,000 + 0.9 IF 
.'. ^2 fj (B, F) = Pa Z/ + p, K/' W = 2,625 + 0.1125 W. 

The cost of buildings and the real estate for them will increase 
very slowly with the output. The variation of this item, due to 
variation of output can be closely enough expressed by 
f^W = K^'+ K/ W^ = 125,000 + 125 W^. 
:. pJ,W=^ ps K/ + p, K^' W^ = 9,375 + 9.375 W^. 

The cost of an insulator will, theoretically, vary with the diam- 
eter of the conductor and the voltage. Practically, however, the 
diameter of the conductor will have nothing to do with the cost. 
A consideration of insulator prices shows that the cost of an in- 
sulator will vary as the sum of a small constant plus the product 
of a constant into the cube of the voltage. With high voltages the 
small constant is negligible, so that we may vrrite 
fi {E,d,B) = K^ E\l + x^y D = 0.000,732 (1.0645)' E^ D = 
0.000,883 E'' D .'. p^ f^ {E, d,D)=^ p^K^E^ {1 + x^Y D = 
0.000,088,3 £" D. 

The cost of the pole-line material and construction will depend 
somewhat upon the diameters of the conductors, since as the di- 
ameters of the conductors increase, the wind and sleet stresses will 
increase. The increase of cost with increase in diameters of con- 
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ductors will be slow. The law followed will be that of a constant 
plus a function of the diameters of conductors, since no matter 
how small the diameters of conductors there will be a certain cost 
representing the minimum size pole which would be employed. 
We may, with a fair degree of accuracy, write 

U{d,D)={K,'+K," d)D=f,{E,-W,x,D) =K,'D+K,'% (^^^ 
or putting in the value of a; = n 

n K"k I W\ H I W\ ^ 

:.p,f, {EM,xJ))=p,K/D+ P^^^ (-| ) Z?=375 £?44.65 {-^) D 

which answers for a stranded conductor. 

Cost of right of way will be directly proportional to distance, 
hence 

/e (Z))=:Z'„D = 10001'. 
.'.P6/eP)=Pe-^*^=^50Z?. 

A consideration of synchronous motor prices shows that the cost 
of synchronous motors may be written 

/^ ( F) = Z/ + Z/'TF = 13,000 + 33.4 F. 
•'• Vi h (y^) = Pt -^t' + Pt -^t" W ^ 1,500 + 4.05 W. 
The switchboards and cables for the motors will follow the same 
law as those for the transformers, hence 

f^ (F) = Z/ + If/' F = 8,400 + 0.17 TF. 
.'• Ps /a (y^) = Ps -STs' + Ps -STs" TF = 1,050 + 0.031,35 F. 
From the well-known relations between the cost of conductors 
and the voltage, distance, output and drop, we may write 

W />" IF h* 



or putting in the value of x - 



D 



■ n -=. 



E 



^.^ ^ r,^ r^ WD K, WJ) WD 

f,(E, W,x, B) = A, -^ ^ ~^-^ ^9.1-^ 

K W D WD 

.••i'. /. {E, W, X, D) = P,—'~^- =0.455 —^ 
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The cost of labor for the operation of the step-up and step-down 
transformer stations and for executive and clerical purposes would 
probably not vary at all. We have in each case the same number 
of units to be looked after and the size of these units would make 
little, if any, difference in the cost of attendance upon them. Sim- 
ilarly, the output will make little difference in executive and clerical 
costs. We would probably be justified in making fm (W) a con- 
stant. In order, however, to cover such small increase in labor 
and salaries as there might be vnth increase of output we will write 
/j„ (IF) =ir,„' + Zi/' F'/2= 32,000 + 26 W\ 

It is to be noted that the labor in connection with the line is 
taken care of in the depreciation and repair percentages applicable 
to the supporting structure and insulators respectively. 

The efficiency of the whole system is—^ (see page 361). 

D 

Putting in the value of x = n — 

ei 0.925 

e = — 



J) D 

+ „-=! + 0.038;^ 

m__^ "v^-^ r _^c ^c^ :^=iu8 Tr+0.448:^. 

e «! ex ex E ' E 

The various functions above arrived at may now be utilized in 

obtaining I^ and M of equation (1) p =: 

Eemembering that Ti is the sum of the products of the various 

functions by the corresponding percentages representing interest, 

depreciation and repair; that L=f^^ (T'7) ; and representing the 

various resulting collections of constant as follows: 

a = P2 Z/' + p, K.," + ps Zg" = 4.184. 

I = K,,' + p, E,' + p, K,' + p, K,' + p, K^ ^ 46,550. 

m = Zio" + Z'3 ^3" = 35.38. 

r = p, K," + p, Jfe = 425. 

'Wc (l+x) 
theniV = TFs— ^ —L — B = 
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Representing constants as follows: 

a = K," + K," + Z3" = 33.47, 
P = K^'+ K^' + K,' + Za' = 166,400. 
r = Z/ + Z„ = 4,000. 
Then 

M= a W+ ^^+ E," W^ + K^' {E + K^" ) W^ + Z« ( 1-Hc J 3 £2 p 
n Jbi 

These values of N and M, if substituted in equation (1), will 
give in its final form the equation connecting distance, output, 
voltage and profit; or in connection with equation (3) for voltage, 
the relation between distance, output amd profit. Such substitution 
results in a cumbersome equation, and will not be here written. If 
the various numerical values already determined for the specific 
problem herein treated be substituted in N and M there results 

i^=(s — 15.96) W— 0.903^— 35.38 TF^^— 1.625 (E + K^") W^ 
— 0.000,088,3 E^B — 425 B — 4.65 (-^, j B — 46,550. 

I = 33.47 W + 9.1 ^ + 125 W^' + 13 (E+K^") W^ + 0.000,883 E^B 

Ml 

+ 4,000 B + 37.2 [^) B + 166,400. 

The value of s in the above equation for N will be taken as 34 ; 
that is, it will be assumed, for the purposes of the specific problem, 
that power is sold at $34 per kw year. Putting in this value of s 
and calculating the value of p for different outputs, W, and dif- 
ferent distances, B, the curves of Pig. 4 have been obtained. These 
curves show for different values of W the relation between p and B. 

In considering these curves the assimiption made in connection 
with them should be carefully borne in mind. A small change in 
the purchase price or selling price of power wiU make a great dif- 
ference in the result. Smaller amounts of power will in general 
be purchased at a higher price per kilowatt, but on the other hand 
they would probably be transmitted to points where the power 
would bring a higher price, since, in general, the larger the market 
the cheaper can power be produced by steam. 

It would be interesting to let s — c/e^ equal to zero and determine 
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p, which would then be- the cost, including interest, of operating 
the plant. If curves showing the percentage of the investment for 
operation were determined, also the total cost of the plant, both for 
different outputs, the results would be valuable in preliminary esti- 
mates. The writer hopes to work up such data at a later date. 

It will be noticed on referring to the curves that some of them 
reach to distances which cause the drop to exceed the value taken 
for the upper limit of drop in connection with insulator cost. The 
error due to 1 or 2 per cent excess will not greatly afEect the final 
result. It would have been somewhat better, however, for the 
specific problem treated to have chosen the limits of drop as 5 per 
cent and 15 per cent respectively instead of those taken, 



SOME ELEMENTS IN THE DESIGN OF HIGH- 
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Design in any line of practice involves the application of a prop- 
erly trained judgment. This trained judgment can only be ac- 
quired through the enthusiasm of the specialist and as the result 
of a large practical experience based upon a knowledge of the cor- 
responding science. The object of this paper is not to deal com- 
prehensively with the subject. It is the purpose of the writer to 
present only those elements of modern electrical science upon which' 
must rest the trained judgment of the designer of high-pressure 
insulation. 

The duty of predominating importance in high-pressure insula- 
tion is to withstand electrical strains. The requisite dielectric 
strength in low-pressure electrical apparatus is easily attained. The 
difSeulties in low-pressure insulation design that must be over- 
come are to be found in the mechanical requirements and the de- 
terioriating influences of dust, temperature changes, moisture, etc. 
The judgment of the designer of low-pressure insulation is assisted 
only to a small extent by electrical science. Success depends mostly 
upon experience in regard to mechanical, factory and experimental 
knowledge of the various materials and expedients available for this 
class of insulation. On the contrary, in apparatus employing the 
higher electrical pressures in commercial use, great difficulty is 
encountered in the provision of insulation that has ample dielectric 
strength to withstand continuously the electric strains that are en- 
countered. For these reasons the following methods and data are 
useful in the design of insulators to withstand high electric pres- 
sures : 

1. A convenient system for fixing quantitatively the flux of 
electric force produced by an e.m.f. in a dielectric, causing the 
electric strain therein. 

3. The permeability of an insulation to flux of electric force 
produced by e.m.f. 

18 273 
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3. The density of flux of electric force which the ultimate elec- 
tric strength of the insulation is called upon to withstand and at 
which rupture occurs. 

4. Ilxpedients that localize the application of the electric strain 
within those portions of an insulating system that are most power- 
ful and capable of standing the total strain. 

5. Experimental methods for testing the dielectric materials: 

a. For the construction of insulation so as to secure 
their breaking strains, that is, the densities of electric 
force flux at which their ultimate rupturing strengths are 
developed. 

h. For testing completed insulations or insulators to 
determine: 1.) The manner in which they satisfy the 
requirements. 2.) To determine design factors. 

6. Factors of safety.^ 

These topics will be treated in the order given above. 

1. Flux Dub to E.M.F. 

In order to make note of a convenient system for fixing quanti- 
tatively the flux of electric force produced by an e.m.f. in a dielec- 
tric causing therein electric strain, it will be necessary first to 
consider : 

The Behavior of a Dielectric when Subjected to Electric Strain. 

When the terminal faces of a dielectric are in contact with con- 
ductors between which an e.m.f. is applied, an electric force is 
exerted throughout the dielectric in variable degree, according to 
position with reference to the conductors. This electric force pro- 
duces a distortion of the atomic structure of the dielectric; 1. e., 
a displacement of the electrons forming the dielectric atoms. Such 
electron-displacement, while in progress, constitutes an electric 
current. The displacement encounters the reaction due to internal 
atomic forces which tend to maintain the original structural form. 
This reaction is the cause of the formation of the familiar counter 
e.m.f. of a condenser and is in proportion to the total amount of 
electricity or the time-integral of the current that was passed 
through the dielectric. When the process of atomic distortion pro- 
ceeds beyond the point of structural rupture, the ordinary conduc- 

1. Determined by trained judgment. 
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tion current ensues. Thus through a dielectric prior to the ruptur- 
ing point the only current that can be passed is a displacement 
current.^ The passage of such displacement current and the estab- 
lishment of the corresponding field of electrostatic force are merely 
cause and effect in one and the same operation. In any portion 
of the dielectric the value of the strength of the electrostatic field 
of force therein esablished is proportional to the displacement of 
electricity, i. e., to the time integral of the displacement current 
that accompanied the establishment of such electrostatic field. 

" For engineering purposes^ therefore, the time-integral of dis- 
placement current ^ may be conveniently employed as a measure of 
the strength of the corresponding electrostatic field of force." * 

Por convenience, strength of electrostatic field of force or density 
of flux of electric force will be referred to as the density of dielec- 
tric flux. 

2. Insulation Permeability. 

A convenient designation of the permeability of an insulation for 
dielectric flux is based upon the above facts as follows : 

The specific inductive capacity of a dielectric is the ratio of the 
displacement current set up through such dielectric to that set up 
through air under the same conditions with respect to the electrodes 
and the e.m.f. Thus when the displacement current for a unit 
volume of air subjected to a strain of unit e.m.f. is Imown, the 
corresponding displacement current becomes known for any di- 
electric for which the specific inductive capacity is known. 

" The energy that is taken up in the formation of an electrostatic 
field of force through a dielectric and which has been applied, 
therefore, in the passage of the corresponding time-integral of 
displacement current, is 

J==l/2GE^ (1) 

where G is the capacity in farads ; i. e., the coulombs of displacement 
current per volt. 

3. An exception must be made in regard to the tiny current that will 
pass conductively through all dielectrics, gases, liquids or solids when sub- 
jected to electromotive forces, generally understood to be carried by the free 
electrons that reside to a small extent in all dielectrics. These currents 
are so small for gases and the powerful solid and liquid dielectrics when 
homogeneous and free of all conducting matter, that for engineering pur- 
poses they may be entirely neglected. 

3. In engineering this is called the charging current. 

4. " The Conductivity of the Atmosphere at High Voltages," by H. J. 
Eyan. Trans., A. I. E. E., Vol. XXI, p. 280, 1904. 
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When an e.m.f. of one volt is applied to the opposite faces of a 
centimeter-cube of air at ordinary barometric pressure and tem- 
perature, the energy taken up by the electrostatic field formed 
thereby throughout the cube will be 

^ 441.7 X 10-" joules. 

No important change in this value occurs with variation of 
barometric pressure and temperature. When it is substituted in 
equation (1) the corresponding strength of electrostatic field thus 
produced per volt per centimeter of air expressed in coulombs of dis- 
placement current per square centimeter is found to be 

= 883.4X10-" (2) 

It may, therefore, be stated with reference to the dielectric per- 
meability of air that : 

" One volt applied through a distance of one centimeter in air 
v:ill establish a dielectric flux density of 883.4 X lO"^" coulombs 
per square centimeter." ° 

Thus the product of this dielectric flux constant for air and the 
specific inductive capacity of an insulation will be the correspond- 
ing dielectric flux constant for that insulation. 

Where the specific inductive capacity of an insulation is not 
known, it can be determined in the following manner : 

The sample of insulation should be formed into a sheet of uni- 
form thickness. Suitable disc electrodes are applied to either side 
of the test sheet. The charging current is measured which is made 
to pass between the electrodes through the test sample by an alter- 
nating e.m.f. of known wave form and value. To avoid the error 
due to the fringe of dielectric flux at the edge of the electrode, 
n guard ring should be employed similar to that used in an absolute 
electrometer. Care must be taken to connect such guard ring to 
the circuit in such a manner that it will not accept charging cur- 
rent through the current-measuring instrument. From the dimen- 
sions of the test sample and the guarded electrodes, the values of 
the current, e.m.f. and the time, the coulombs of 'charging current 
per volt per it nit cube are easily deduced. 

Since a certain amount of electric strain in a given insulation is 
due always to the passage through it of a certain quantity of elec- 

5. " The conductivity of the Atmosphere at High Voltages," by H. J. 
Ryan. Trans. A. I. E. E.,Vol. XXI, p. 281, 1904. 
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iricity per unit cross-section, it follows that the permeability con- 
stant derived as above will enable one to predetermine the strains 
that are produced by the application of a given amount of electric 
pressure when the forms of insulation are simple. This is a means 
whereby the judgment May be greatly assisted or improved in de- 
signing insulations where the dimensions are too complex, as is 
generally the case, to admit of exact calculation of the electric 
strain. 

It may be well to call attention to the relation between the elec- 
trostatic capacity that exists between any pair of electrodes and the 
dielectric flux that an e.m.f. applied between them will establish. 
The capacity is equal to the coulombs of charging current per volt 
applied between the electrodes and is, therefore, numerically equal 
to the dielectric flux established per volt appliecl between such 
electrodes. Where the dimensions of the electrodes and dielectrics 
are simple enough to admit of handling them mathematically, di- 
electric flux densities, i. e., electric strains may, therefore, be easily 
calculated from the value of the capacity; and vice versa, the 
capacity may be calculated from the dielectric-flux constants. 

3. Disruptive Flux. 

The dielectric flax density at which the resulting electric strain 
becomes sufficient to produce structural rupture for a given insula- 
tion under definite conditions as to temperature and mechanical 
pressure must be observed by experiment. In making break-down 
tests of this character some care must be taken in arranging the 
test sample so that the distribution of dielectric flux is uniform 
throughout the portion of the sample in which the rupture is made 
to take place. This is a condition in the present state of the tech- 
nology that is rather difficult to obtain. It is highly desirable that 
the dielectric medium in which the test sample and electrodes are 
immersed should be dielectrically more powerful than the sample 
under test. It is difficult to make a reliable break-down test of a 
powerful solid dielectric in the ordinary atmosphere. This is due 
to the fact that the ultimate breaking strength of the normal 
atmosphere is small compared with the breaking strength of the 
test sample. ' 

When the test is conducted in the normal atmosphere, it is im- 
possible to subject the sample to strain without at the same time 
straining the air about it or in contact with it. Unless great care 



278 JiYAX: HIGH-PRESSURU INSULATION. 

is used in arranging the test sample the air will break, conduct and 
heat injuriously the sample when subjected to strains that are much 
lower than the strains at which such sample will be found to break 
if tested in a manner so as not to be injured by the intense heat 
of the conducting atmosphere.' This is Ijuickly demonstrated by 
making a break-down test of sheet hard rubber mounted between 
the test electrodes first in the normal atmosphere and then in air, 
for example at a mechanical pressure of 20 atmospheres. The di- 
electric strength of air in the latter case is quite on a par with that 
of the hard rubber which will then rupture because of the electric 
strain and not because of injury by heat. 

There is much to do in this branch of electroteehnics in the de- 
velopment of convenient and satisfactory methods for testing in- 
sulations to determine the actual dielectric flux densities or electric 
strains that produce rupture. 

4. Insulation Expedients. 

Every portion of a high-pressure circuit, is covered with insulation 
that is permeated everywhere by dielectric flux causing correspond- 
ing strain. The quantitative nature and distribution of this flux 
is entirely similar to the corresponding features of magnetic flux 
and should, therefore, be easily understood. Dielectric flux is 
established as tubes of electric force through the insulation between 
the conductor surfaces in proportion to their corresponding differ- 
ences of electric pressure. 

Thus it is evident that the greatest dielectric flux densities must 
occur in those zones of insulation that are next to the conductors 
of the electric circuit. This must be so since the total flux through 
any outer zone surrounding the circuit must be the same as that 
through the zone next to the circuit. Since the sectional area 
determined by the latter zone must inevitably be smaller than the 
sections at corresponding outer zones, it follows that the density 
of the dielectric flux will be greatest in the zone-sections next to 
the high-pressure conductors. This fact would indicate that in 
rational design the insulation next to the conductor surfaces of 
high-pressure circuits should be formed of the most powerful 
dielectrics. Unfortunately, structural requirements generally make 
this impracticable. 

6. It is assumed that all test pressures are alternating. 
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For example, in Fig. 1, there is given a section of an armature 
slot containing two coils of a high-pressure alternator, 10,000 to 
15,000-volt class. The conductor from which these coils are made 
ia given an insulation covering that is fully capable of withstanding 
the electric strains due to e.m.f's. produced or consumed locally in 
that particular section of the armature circuit. This may be called 
the minor insulation. It is determined in the main, as are all low- 
potential insulations, so as to meet structural and mechanical re- 
quirements without undue expense. Over the coil as a whole there 
is applied a carefully constructed covering made of the most pjwer- 
ful available dielectric having an ample strength to withstand con- 
tinuously in practice the strains due to the total e.m.f's. generated 
in, or applied to, the circuit of this armature. This outer covering 
may be called the major insulation. While this represents the best 




practice that has as yet been attained, it contains one element of 
serious weakness as follows : 

The dielectric flux starts from the surface of the outer conductors 
and traverse^ the minor and major insulations in series and stops 
at the surfaces of the slot. Note the relative values of the densities 
of dielectric flux passing the two concentric zones in the insulation 
about the coil ; the inner zone is located by the irregular outer sur- 
face of the conductors of the coil and the outer zone by the regular 
walls of the slot. The dielectric flux passes from the surfaces of 
the outer conductors of the coil to the walls of the slot and in so 
doing traverses these zones. It passes the inner zone at considerable 
irregularity in density and the outer zone at a much more nearly 
uniform density. The sectional area determined by the inner 
zone is considerably less than that determined by outer zone. 
From these two classes of facts it follows that the maximum dielec- 
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tric-flux densities to which the insulations are subjected are con- 
siderably greater for the minor than for the major insulation. This 
is decidedly unfortunate ; better results would be obtained with the 
conditions reversed. 

Due to these facts it follows that in practice of this class the 
major insulation, without sacrificing break-down strength and 
structural character, should have the lowest attainable permeability 
to electric force, i. e., the highest attainable specific reluctance to 
dielectric flux. This is needful in order that the total dielectric 
flux established from the surfaces of the outer conductors of the 
eoil to those of the slot shall be limited so as to be well below the 
point at which the maximum dielectric flux density encountered 
in the minor insulation will not be sufficient to cause its rupture. 

The minor insulation is invariably porous, containing air or other 
gases at normal atmospheric pressure. Comparatively low densities 
of dielectric flux are required, therefore, to rupture minute volumes 
of the minor insulations, which will then conduct the charging 
currents, causing rapid deterioration through heating and other 
physieal and chemical effects. The thickness of powerful dielec- 
trics having low specific inductive capacities that must be applied 
in order to maintain all dielectric-flux densities low enough so as 
not to injure the minor insulation becomes so great as to be im- 
practicable in the present stage of the industry for machinery con- 
struction at higher pressures than 15,000 volts. In all high-pres- 
sure apparatus, whether of the machinery or transformer class, the 
inevitable dielectric fiux is established in like amounts serially 
through the major and minor insulations. Owing to structural 
difficulties the minor insulation is far inferior in strength to the 
strength of the best dielectric available for the major insulation, 
li is on this account that such an enormous amount of dielectric 
of high reluctance to dielectric fiux must be used in the construc- 
tion of the major insulations of dry or " air-insulated " transform- 
ers. The amounts of major insulation that must be used are ex- 
cessive taken with respect to that which should be ample to with- 
stand in practice the electric strains produced by the normal, or 
ordinarily abnormal, electric pressures. 

It is the experience of reputable makers that the air-insulated 
transformer is impracticable for pressures higher than about 
35,000 volts; space and materials cannot be afforded to limit the 
dielectric flux sufficiently at higher pressures. 
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Oil may be used successfully for the generation of the highest 
pressures desired in practice. By proper treatment in its prepara- 
tion for use in submerging the high-pressure transformer, and by 
proper construction of the solid or supporting insulation of the 
transformer-conducting circuit, all air and other gases may be dis- 
placed. The oil and solid insulations thus form a combined or 
composite major and minor insulation having great dielectric 
strength at all points. 

Even with the most approved use of oil, however, the conditions 
are not exactly ideal. The dielectric flux emanates with greatest 
density from the surfaces of the outer conductors of the terminal 
coils, owing to the fact that the zone-section at this point is the 
smallest and the density of dielectric-flux distribution the most 
variable. The result is that the chief electric function of the oil 
is to limit the dielectric flux to within the point at which the maxi- 
mum flux density that will emanate from the surface of the con- 
ductors of the high-pressure circuit will be safely within that which 
the composition of oil and fabric next to the conductors will stand. 
Times will come in practice when the high-pressure circuit of the 
transformer must stand excessive pressures applied from without 
or developed within by complex impedance phenomena during 
short-circuits or open circuits. Thus occasionally and momentarily 
the insulation next to the conductors will be subjected to strains 
due to dielectric-flux densities that exceed the breaking point 
causing a corresponding momentary conduction, heating and injury. 
Such injuries initially are often very small, yet they are cumulative, 
for their cause is recurrent and their location is the worst possible. 

In this analysis one is led, therefore, to the conclusion that a 
rational solution of these difficulties applicable alike for " air-in- 
sulated " and " oil-insulated " high-pressure apparatus consists in 
the employment of metallic guards or envelopes closely surround- 
ing the coils or sections of the circuits of such high-pressure ap- 
paratus for the purpose of relieving the minor insulation of all 
electric strain due to normal operation. To relieve it further of 
those highly localized strains that are due to complex impedance 
phenomena that accompany short-circuits, opening circuits and 
similar punishing circumstances, an undue local rise of potential 
difference in the individual coils may be prevented by the attach- 
ment of properly chosen spark arresters to the terminals of such 
individual coils. The real function of the metallic guard is to form 
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a conducting envelope about the individual coils of the high-pres- 
sure circuit to which to conduct the inevitable charging current 
and from which the corresponding dielectric flux starts through 
the major or powerful dielectric at an average lower and more uni- 
form density. The guard must be connected to one terminal of 
the coil that it protects, and it must be constructed in such a 
manner as to avoid the circulation of current. Obviously these 
guards and spark arresters may be applied much more easily in 
transformers than in machinery. By their use it should be possible 
to make successful transformers for the use of the highest electric 
pressures that the transmission lines of the future can successfully 
carry. 

We have seen that it is irrational to expose the minor insulations 
to the great electric strains which powerful major insulations are 
alone calculated to stand. So long as the major insulation must 
be designed for sufficient reluctance to limit the dielectric flux to 
a value that the minor insulations can safely stand, there is no 
rational relation between the amount of major insulation required, 
its ultimate break-down strength and the normal working pressure 
of the high-potential circuit. When, however, the electric strain is 
carried past the minor insulation and applied properly only to the 
major insulation, there appears at once a rational relation between 
the normal working pressure and the ultimate pressure required 
to rupture such major insulation. 

5. Test of Insulating Material. 

Tn all classes of tests to be made which are here referred to, 
measurements must be made that will determine the value and 
wave forms of the applied e.m.f. and charging current and their, 
phase relation. The maximum value of the electrical pressure wave 
applied between a conducting cylinder and a wire mounted at its 
center that produces luminous conductivity observed by the eye in 
the zone of air next to the wire is definite at definite barometric 
pressures and temperatures. This promises to be an acceptable 
method for determining the maximum value of the wave of high 
pressure applied in this class of testing. The wave forms are most 
easily observed by means of the cathode ray wave indicator. When 
they are not too irregular the oscillograph may be used in lieu of 
the wave indicator. 
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A satisfactory indicating wattmeter is much needed for the ready 
detection of conduction due to rupture of gas bubbles or other weak 
foreign dielectrics in the sample under test. It is useful also for 
the purpose of measuring the total watts consumed by the charging 
current at any stage of the test. Any sensitive wattmeter of the 
dynamometer type and of excellent construction, having a suitably 
fine field winding, will give correct results, provided the non-in- 
ductive resistance used for the pressure circuit be properly protected 
from the delivery of the inevitable capacity-charging currents. 
Such charging currents, if allowed to pass to and from the surface 
of the pressure-circuit resistance, produce errors of an entirely 
imcertain character for which no satisfactory correction can be 
made. Since these capacity currents may not be avoided they must 
be made to pass from guards supplied independently with potentials 
correspondingly equal to the potentials of the respective sections 
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of the pressure-circuit resistance about which they are mounted. 
Two obvious methods for accomplishing this are illustrated by the 
diagrams which explain themselves in Pigs. 2 and 3. 

The diagram of Fig. 2 illustrates the method for protecting the 
resistance of the pressure circuit from capacity-charging currents 
wherein the transfoi-mer furnishing the high-pressure test currents 
is near at hand. In this transformer the high-pressure circuit is 
divided into as many sections or coils as there should be guarded 
sections in the high-pressure resistance circuit of the wattmeter. 
When this sort of high-pressure transformer is not at hand the 
method given by the diagram in Fig. 3 may be employed. 
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Across the terminals of the high-pressure source there are con- 
nected in series as many small auto-transformers as there are to 
be guarded sections in the pressure resistance circuit. Each of these 
auto-transformers must have a normal e.m.f. rating as great as its 
share of the total pressure; it should be mounted upon a high- 
potential line insulator of a form suitable for the total pressure 
employed. These auto-transformers are connected to correspond- 
ing resistance guards as shown, bringing them to the potentials 
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corresponding to those of the resistance sections over which they 
are mounted so as to protect them frem the delivery of charging 
current. As the diagrams of Figs. 2 and 3 show, the wattmeter 
must be covered with a metallic guard net connected to the proper 
side of the circuit so as to relieve it also of the delivery of all 
charging current. A wattmeter mounted and used in this manner 
must give reliable results in the observation of pressure-loss charac- 
teristics of insulations. 

The nature of such characteristics is illustrated in Pig. 4. 

Characteristic No. 1 is that of an insulator which is homogeneous 
and continuous betv,-een the conductors and wherein the strain is 
distributed with some approach to uniformity. 

No. 2 is the pressure-loss characteristic of an insulator wherein 
there are portions that are weak or the dielectric flux is distributed 
very irregularly, or both. 

No. 3 is a characteristic taken from a composite insulation made 
up of strong and weak dielectrics as found for example in a paper 
insulated cable. 



RYAl^: HIGH-PRESSURE INSULATION. 



285 



in conclusioiij the writer wishes to call attention to the fact that 
these scientific elements that are useful in the production of high- 
pressure insulations have long been known. What is really little 
known, however, is the association of ideas necessary to apply them. 
Attention may properly be called to the fact that a far less pro- 
portionate use of mathematics can be made in determining neces- 
sary dimensions in the design of insulation than is the case cor- 
respondingly for either of the other two components of electrical 
machinery and apparatus, viz., the circuits accommodating electric 
current and magnetism. 

The great majority of practical problems for solution by calcula- 
tion that arise in connection with the conducting circuits or the 
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magnetic circuits are easily possible because of the definite density 
distribution of the current or magnetic flux in their respective 
circuits. From the inherent nature of things the density distribu- 
tion of dielectric flux through the insulation is definite only in a 
few forms of electrical apparatus, as for example through the in- 
sulating sheets of condensers, except at the edges of their electrode 
coatings, or throughout the atmosphere about a transmission line. 
In the great majority of cases the distribution of the dielectric 
flux is too complex to admit of the reduction of accurate results 
by the simpler mathematical processes. The judgment supple- 
mented by the results of tests and measurements made upon test 
samples, specimens or models must, therefore, make up for lack of 
calculating methods. 
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Discussion. 

Prop. C. A. Adajis: The engineering profession owes a great debt to 
that man who has lifted ever so small an area of engineering method out 
of the empirical, rule of thumb, hit or miss realm, into the rational, 
scientific realm. This is what Professor Kyan has done to the large and 
very important field of higli-voltage insulation. 

Mr. E. KiLBCKN Scott: It has always seemed to me that the greatest 
trouble we have ^^•ith insulation is in the smaller sizes of motors and 
static transformers. For instance, if you wind a motor, say, of 3 hp for 
500 volts or higher, the wire becomes quite small, perhaps No. 25 British 
W. G., and when you insulate so small a wire, tlie bulk of the space in 
the slots is occupied by the insulation. A 3-hp carcase, wound for 110 
volts, may be well over power; but if wound for 500 volts, the chances 
are it will run hot, simply because of tlie extra space required for the 
insulation. The question is, what are we to do? Well, it has occurred 
to me, and has been suggested, I believe, by others, that it might be 
feasible to use other material than copper for the conductors. For 
example, why should we not use iron, and so reduce the number of our con- 
ductors, while at the same time increasing their size, so as to obtain a 
cross-section which is capable of being handled by workmen? Iron wire, 
one-sixteenth ineli in diameter, would be much more easily handled by 
the ordinary workmen than No. 25 British W. G. copper wire. It is true 
that the periphery of the larger wire requires more insulation to go 
around it, but, inasmuch as the iron would be carrying magnetic lines 
as well as current, the number of wires for a motor of given output would 
be considerably reduced, and I think that on the whole the net result 
would be that the space occupied by the insulation would be less. Perhaps 
the carcase would be larger, but there is something very attractive in the 
idea of an all-steel motor. 

My ideal of an electric motor of, say, 3 hp for driving machine tools 
would be one made entirely of steel, oast iron, mica and japan. I would 
even propose cast iron for the commutator segments; because the com- 
mutator for such a motor is very much larger than the- cenditiona of 
electric conduction demand. However that may be, I do not see why 
we should not use in the smaller sizes of direct- and alternating-current 
motors japanned iron wire, and do away with the very unmechanical 
cotton, paper, and fibrous materials. 

Chaiksian Rushmgee: I desire to add a few remarks in the way of 
appreciation of the work which Professor Ryan has done. Practically 
all of my experience has been in the manufacture of electrical machines 
and apparatus, and I know that the question of insulation has long 
received more or less scientific treatment. Experiment has shovm the 
resisting properties of various insulating materials, but a clear under- 
standing of their action has not been obtained. There is probably no 
line of research that is being pursued at present with greater interest 
and with more possibilities than is the subject of insulation. It is at 
present the limiting feature in electrical development, and especially in 
the engineering and commercial features of power transmission. Within 



BY AN: HIGH-PRESSURE INSULATION. 287 

the last year, cotton insulation on wires has been in many eases dispensed 
with, the insulating material being placed directly on the metal conductor. 

A point in Professor Ryan's paper which I wish especially to com- 
ment upon and which one does not always hear from a man in university 
work is, that the design of electrical apparatus necessarily involves the 
application of judgment and experience. In contrast to this was a view 
taken by a writer not long since, in giving methods of the design of elec- 
trical machinery, in which it was remarked that with the information 
given anyone could design electric generators without experience. 

Quite recently an expert on the subject of insulation was discussing 
the question as to whether or not dielectric hysteresis had any actual 
existence, and I should like to hear from Professor Ryan on this point. 
It is found in practice, as he stated, that with the same applied potential 
the insulation is much more heated when this is alternating than when 
direct, but is there any real evidence to show that we have hysteresis 
in the dielectric? The question of insulation as used in electrical 
machinery is not altogether one of the electrical properties of the mate- 
rials, because a number of these having sufficient dielectric strength are 
not used owing to lack of mechanical qualities, which allow them to 
deteriorate under the constant vibration to which they are subjected. 
Micanite may be taken as an example of this. Several years ago mica- 
nite was much used for high-voltage insulation, but by reason of its 
deterioration under vibration and high cost it has, to a considerable 
extent, been replaced by other materials. Professor Ryan mentioned the 
use of oil, and this in its different forms is the principal insulating 
material now used. We have the oil in its natural form in the trans- 
former, the oiled cloth, which is an almost universal application as an 
insulating material, and the enamel, which is oil in another form. 

Pbofessob Ryan: Might I say just a word with regard to dielectric 
hysteresis to which you refer. While I believe that dielectric hysteresis 
undoubtedly exists, that there is such a thing, yet in all the endeavors 
that we have made, we have always found in hunting down the source 
of heat in an insulation subjected to electric strain, that it was due to 
the breaking down of some weak constituent element or foreign body, gas, 
or whatever it may have been, in the insulation. As soon as such portions 
of the dielectric are broken, in lieu of the passage of displacement current, 
which accompanies the phenomena of electric strain, there is the passage 
of actual electric current, as we ordinarily know it, producing heat. 



INSULATING MATERIALS IN HIGH-TENSION 
CABLES. 



BY E. JONA, Delegate of Associazione Elettrotecnica Italiana. 



We have now in operation plants working at 50 to 60 kilo- 
voltfs, with aerial lines. It is said that some will be installed at 
80 kilovolts or even higher, but I do not believe there is any manu- 
facturer ready to furnish cables for such high tension, although, 
of course, every manufacturer has occasionally had samples of 
cables tested as high as 100 kilovolts, without perforating them. 

Let us take a glance at the conditions of manufacturing such 
very high-tension cables. 

First, as to some theoretical difficulties. Let us suppose for 
the sake of simplicity, a single-core lead-covered cable with the 
following data: r = radius of solid copper wire; s = thickness of 
the insulation ; r-\- s = B external radius of the insulation. An 
alternating current is flowing through the cable, at a tension V. 
In the limits of ordinary frequencies, we can speak of potential, 
and use the electrostatic laws in any section whatever of the cable. 
The potential at a point P (Fig. 1) at a distance p from the 
center wiU be then : 

" = ^^1 0) 

log- 
r 

Differentiate (1) with respect to p, taking decimal logarithms, 
and we get: 

dv 0.434 T , . 

dF——M (^) 

^ /)log_ 
r 

— is the gradient of the potential, or its variation along the 
dp 

radius. If we refer the dielectric strength of materials to the 

millimeter as unit of thickness (and assume for example that a 

given material can stand 10,000 volts per mm thickness) and 

288 
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express our formula in mm, — — will be the puncture stress on 

the dielectric per mm, at the point considered. It must be less 
than the dielectric strength in order not to have a break-down; 




Fig. 1. 

in our example, it must always be less than 10,000 volts per 
millimeter. 

In the formula (2) putting r = p we have 

(c/v\ 0.434 F ,„. 

\7^)r-—ir ^^> 

^ ' rlog — 

This is the stress on the small dielectric layer immediately sur- 
rounding the inner conductor. For /» := E 



\dp' B „ 



'''^ (4) 



mog — 

the stress on the small dielectric layer near the outer lead. 

It is to be remarked that the stress is greatest in contact with 
the conductor, and minimum in contact with the outer lead; and 

the latter is precisely equal to the former multiplied by — • 

Ji 

r is generally very small in high-tension cables, and R very 
large. There is thus a very great difference in the stress on the 
different: small dielectric layers, the most internal of which must 
support a tension three, four, five times that of the external layer. 

There is a certain value of r for which the maximum stress (—\ 

is as small as possible, for a given R; we obtain this value of r 

by equating to zero the derivate of rlog — with respect to r. 

r 

Hence we have: 

^_R _ R 

19 e 2.71 ^^> 
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I shall consider later the very frequent ease where the conductor 
is not a solid wire, but a stranded one, and the relative formulas 
for any stranded conductor. 

These brief considerations point to the conclusion that doubling 
the thickness of the dielectric by no means allows of doubling the 
dielectric stress on the cable; for the strength increases much 
less than the increase of thickness. Practically, for the sake of 
manufacturing, handling, etc., we cannot use too great thicknesses, 
especially if we consider also the weight of lead and armoring. 
If we admit that a homogeneous dielectric in a cable is punctured 
as soon as the stress surpasses in some point the dielectric strength, 
we see immediately the enormous advantage of using materials of 
very high specific strength. In fact, if we can with safety allow 
the material to be worked at w volts per mm, the formula (3) gives 
us immediately the thickness required. 

0.434 F , , „ V 



D -whence log i?^0.434 log r (6) 

r log — *"*" 

This formula tells us that R diminishes rapidly by augmenting w. 

A numerical example will illustrate this better. Let r = 10 mm 
and F =20,000 volts; and suppose we have at our disposal an 
insulating material able to stand 12,000 volts per mm and another 
for only 8000 volts per mm. Let us take the same factor of 
safety, say one-fourth, in both cases ; that is, we work at a maximum 
of 3000 volts per mm for the former, and 2000 volts for the latter. 

In the first case we ought to have a thickness of 9.45 mm and 
in the second 17.20 mm. The volumes of the insulation are re- 
spectively 875 mm^, and 2000 mm^; they are in the ratio of 
1 to 2.28 whilst the ratio of the dielectric strengths is as 1: 1.5. 
In this example the volumes of the insulation vary almost in- 
versely as the squares of the dielectric strength. 

In a 40,000- volt cable, with r=10, and «; = 3000 V per mm, 
we ought to have an insulating thickness of 66 mm; that is, a 
thickness impossible in practice. We see that, in this case, doubling 
the working tension compels us, ccsteris-paribus, to use seven 
times the previous thickness. Hence it is obvious that it is not 
possible to manufacture 40,000-volts cables, with a material work- 
ing with safety only to 3000 volts per mm. 

Two insulating materials are now principally competing in the 
field of high-tension cables — vulcanised rubber and paper im- 
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pregnated with rosin and oil mixtures. Both have their partisans 
and their opponents. Paper insulation has made great progress in 
the last few years. The utility of using good manilla paper, laid 
on in thin and regular layers, without wrinkles and crumpling, 
has been recognized, and also the utility of having it properly des- 
sicated, at a moderate temperature, in a vacuum, and impregnated 
with a compound of rosin, or wax, or asphalt, with mineral, or 
easier, or linseed, or some other oil, that does not become brittle 
or pulverise with age. But rubber also has made progress; and if 
some feared formerly that it could decay with age, it is now 
certain that first-class rubber cables, well vulcanised and removed 
from the influence of brush discharges in the air, or not alter- 
nately dry and wet, will last indefinitely. 

Eubber has a dielectric strength much higher than impregnated 
paper. Testing good rubber cables in such lengths as to include 
the inevitable irregularities of manufacture, with tensions pro- 
gressively increasing and subjected to dielectric strain at least one 
hour, we can easily obtain for the rubber a dielectric strength of 
12-15 kilovolts per mm. Paper in the same conditions would only 
stand 8-10 kilovolts per mm. These numbers represent as good an 
average as we can reach in normal manufacturing; it is not rare 
to find 20-30 per cent more, or even higher percentages, but we can- 
not reckon upon these. The higher dielectric strength of rubber 
brings us to the conclusion that the use of rubber for very high 
tension will extend more and more. 

A cause of inferiority of the rubber is the lesser homogeneity 
of its products. It is not uncommon to find that two cables manu- 
factured in the same manner, with the same quality of rubber, 
afford a very different resistance to perforation — a difference, 
say, of 30-40-50 per cent. Paper cables are more homogeneous. The 
figures relative to dielectric strength given above are the result of 
a great number of tests made by the author on cables of various 
makers. They do not take account of some exceptionally high 
strengths; I found some pieces of rubber cable to withstand 20-25 
kilovolts per mm-. The elasticity of rubber gives it a great superior- 
ity over paper. A paper cable with large thickness of paper cannot 
be easily bent, especially in cold weather, owing to cracking; on 
the other hand, the manufacture of concentric, or stranded, mul- 
tiple-core cables is simpler in the case of paper cables, for the in- 
sulating material can be^ uniformly distributed in the interspaces 



2112 JOSA: INSULATIXa MATERIALS. 

among the conductorSj which remain buried in the insulator. 

This is not possible with rubber. 

The great success of paper cables is a consequence of their 
lower price. But very high tensions require such a greater thick- 
ness of paper, that the cost of the paper added to the extra 
price for the larger quantity of lead, steel, tape, etc., permits the 
rubber to win in the comjjetitioi). _^ 

The problem of manufacturing high-tension cables would be 
simpler if the gradient of the potential within the body of the 
insulator was constant. Suppose a 38-mm- cable insulated to 
14.5 mm outer radius, and working at 25,000 V. The layer 
near the copper supports a strain of 5,000 volts per mm, while 
near the lead the stress is only 1200 volts per mm. Should the 
stress be constant throughout, each layer of 1 mm would sup- 
port a strain of 2270 volts, and the cable would be much safer. 
We could then also diminish the thickness of the insulation to, 
say, 5 mm, letting every layer work at 500 volts. 

This ideal condition of uniform gradient we can seek to reach 
in practice. A similar proposal was made by Mr. O'Gorman in 
a highly interesting paper, read before the I. E. E. London, on 
March, 1901; but it is difficult to imagine how Mr. O'Gorman's 
system can be practically applied. It consists chiefly in embedding 
the layers of paper more or less in some oils (like castor oil) 
according to their distances from the center ; so that the inductive 
capacity of any layer is in inverse ratio to tliese distances. 

Without claiming to get an absolutely constant gradient, we can, 
therefore, try to have the potential better distributed along the 
radius of the insulation, and at the same time use in the proper 
place materials having greater dielectric strength, by making the in- 
sulating layers of different materials specially chosen. This method 
I studied and applied to the manufacture of high-tension cables, 
as early as 1898. Such cables, consisting of conductors first in- 
sulated with several layers -of rubber, on which were wound layers 
of paper or jute, were patented by Messrs. Pirelli & Company, 
:^[arch, 1900. A cable of this kind was working at 25,000 volts, 
during the Paris Exhibition of 1900. 

The specific inductive capacity of paper cables varies from 3 
to 4, according to the type of paper and mixture adopted. The 
inductive capacity of paper is about 2 ; that of rosin 2 to 3, accord- 
ing to its origin; and mixtures of rosin, oil, paraffin, ozokerite. 
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and other materials, have a capacity 3 to 4, or even more. For 
example, lubricating oil 55 parts, rosin 560, paraffine 224, ozoker- 
ite 160, have a s.i. capacity of 3.6; oxydized linseed oil 90, rosin 
370, Arkangel pitch 70, have 4.4; Arkangel pitch itself has 5.9; a 
mixture with Gallipot, instead of rosin — for example Gallipot 6D0, 
Arkangel pitch 110 and linseed oil 130 — have 4.8 ; a mixture of 
lubricating oil 9, rosin 52, black ozokerite 23, white ozokerite 16, 
have only 3.55. 

It appears from these figures that it is possible to have a large 
range of inductive capacity with paper cables. But as they are im- 
pregnated in mass, the entire mass has the same s.i.c. unless we 
change the type of paper, by using, for example, paper loaded with 
some materials, as suggested very ingeniously by Mr. O'Gorman ; but 
I do not know if he succeeded in doing so. On the contrary, it is 
easy to use different rubbers having very varied s.i.c, for rubber 
is put on in successive layers which can be quite different one 
from another, and which have no tendency to mingle together, 
either during or after manufacture. The cables I alluded to are 
manufactured with layers of various qualities of rubber in the 
inner part of the insulation ; but as soon as the gradient of potential 
becomes so diminished as to allow the use of paper, the insulation 
is continued with paper, and after the paper with jute, if .the 
gradient is sufBciently low to allow the use of jute. The rubber 
insulation is generally first vulcanized and the conductor tested 
in water, as usual, before adding the outer layers of paper and 
jute. 

Pure vulcanised rubber has an inductive capacity something like 
3 as an average ; but it is very easy to " load " the rubber with 
large quantities of extraneous materials, which, without sensibly 
lessening its specific dielectric strength, augment the capacity 
very much. A rubber with 58 per cent para, 2 per cent sulphur, 
26 per cent talc and 14 per cent oxide of zinc, has a dielectric 
strength €omparable to that of pure vulcanized para (15-20 kilo- 
volts per mm) ; and a specific inductive capacity of 4-4.2. 
A rubber with 64 per cent para, 8 per cent sulphur, 16 per cent 
talc, 8 per cent minium, 4 per cent oxide of zinc has about the 
same dielectric strength as above mentioned, while its specific 
capacity reaches 5. A rubber largely loaded with sulphur and 
talc, for example para 100, talc 40, and sulphur 40, has a capacity 
an high as 6.10, with a dielectric strength of the same order of 
magnitude as before. A mixture of para 40, carbonate of lime 55, 
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sulphur 5, has a s.i.c. of 4.6. Very large variations of capacity, 
accompanied by high dielectric strength, are obtained by loading 
rubber with more or less sulphur and golden sulphurate of antimony 
still remaining iirst-class rubber. Much larger capacities, 10-13, 
are to be obtained, of course, by using very large percentages of 
India rubber substitutes, and gypsum, lime, baryta, etc.; but we 
then arrive at inferior classes of rubber, which have not a di- 
electric strength to be compared with the above-mentioned com- 
binations. 

It is very easy to manufacture rubber cables with layers disposed 
in the order of decreased specific capacity, from the center to 
the circumference. These cables will afford a more uniform gradi- 
ent to an alternating current, and hence more safety, with equal 
thickness. By using paper on the rubber, as above explained, we 
concentrate the more costly rubber insulation in the inmost part of 
the cable, where its higher specific strength is actually utilised. 

A single-core cable made by this method for 50 kilovolts 
effective tension, between the copper and the outer sheathing, 
has the following specifications: Conductor, 19-wire strand, each 
wire 3.3 mm diameter; section of copper 163 sq. mms. The 
strand is put in a lead tube having 18 mm outer diameter. 
It is insulated with a first layer of rubber, 3.5 mm thick, having 
a specific inductive capacity of 6.1; then with a second and a 
third layer of rubber of respectively 3.3 and 4.5 mm thick and 
4.7^.3 s.i.c. On the rubber there is a layer of impregnated paper 
5.2 mm thick, having an s.i.c. of 4. The cable is then lead covered. 
The total thickness of insulation is 14.5 mm. 

At 50,000 volts, the maximum strain in the first layer of rubber 
is 4400 volts per mm; in the second layer it is 4450 volts, in 
the third 4150 volts and in the paper 3350 volts per mm. With 
a homogeneous dielectric, the maximum strain would be 5800 
volts. This cable was tested for one hour at each of the following 
voltages ; 35,000 effective volts, 40,000,45,000,50,000,55,000,60,000, 
65,000, 70,000, 75,000, 80,000, 85,000, 90,000, 95,000 and four 
hours at 100,000 volts without perforation. After the 80,000 
volts test, its temperature was a few degrees higher than that of 
the room; and after four hours at 100,000 volts, 30 deg. C. higher.* 

1. In order to have the same maximum stress of 4400 volts with a 
homogeneous dielectric, the thickness ought to be 23.04 mm; the outside 
radius would be 32 mm and the total volume of insulation would be 
doubled. 
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The distribution of the potential in such a cable is easily cal- 
culated. Suppose between the conductor A (Fig. 2) and the lead 
Bj a number n of cylindrical rings possessing respectively a dielec- 
tric constant e^ where h varies from 1 to «; the ring jj^ is limited 
by the radius r^ _ ^ and r j, ; let 7 be the total voltage. The potential 
at a point P at a distance /?^ in the compartment £^ is given by : 



F/i 



log ~ -\ log -^ + • 



+ 7 log.-, 



iiiog--f- iog-+ +-i«s: 



•(7) 



which, for a single homogeneous insulation becomes v = V- 



log 



log 



a 



B 



as before. 

The above considerations have a somewhat too theoretical appear- 
ance, and it is convenient to have them submitted to the test of 




Fig. 2. 



experiment. As for the distribution of potential along a radius of 
insulation, there can be no doubt; and experience confirms it 
perfectly. Experiment confirms also the distribution in an hetero- 
geneous dielectric, taking into account the various specific in- 
ductive capacities of the layers. But experiment gives some un- 
expected results when we consider the perforation of the cable. 
The system I follow is to attach the cable to a large transformer, 
the potential of which is gradually raised until the cable is per- 
forated; but any potential is applied to the cable for one hour or 
more, before raising it. It is then also possible to note the heating 
of the cable for hysteresis or conductivity. The short piece perfor- 
ated is then cut off, and a test is applied to the remainder, raising 
the potential until a new perforation, and so on. The first thing 
to be noted is that results are not uniform. A length of cable 
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begins, for example, to be perforated at 10,000 volts, but the 
following perforations require 12-15 and more kilovolts. That 
means that our dielectrics are not homogeneous, while perfect 
homogeneity is presupposed in our formulee. Another experimental 
fact is the following: Let us insulate a copper wire of 1/10 mm 
diameter, with 7 mm thickness of rubber, and, in the same manner, 
a strand of 70 wires, each of 0.35 mm with the same thickness of 
7 mm; the former will be perforated at 10,0C0 volts, the latter at 
33,000. The latter is a thicker conductor, and our formula shows 
that a thicker conductor supports more stress with the same thick- 
ness of insulation. But if we calculate with our formula the maxi- 
mum specific stress in contact with the conductor — that is to 
say the stress which we think will cause a perforation — we find it 
to be 13 kilovolts per mm for the thicker conductor, and 33 for the 
thinner one. Similarly, I have insulated with the same thickness 
of 14 mm of paper, a conductor of 1 mm and another of 39 mm; 
the former, after one hour at 30,000 volts, was very hot and burnt 
at 40,000 , the latter, after one hour at 50,000 volts, was still cold 
and burnt at 75-80 kilovolts. The maximum specific strain cal- 
culated is 10,000 volts for the thicker, and 33,500 volts for the 
thinner conductor. These strains of 23,500 volts per mm for the 
paper and 32,000 volts per mm for the rubber, are abnormally high; 
and the higher specific dielectric strength (apparent or real, I do 
not know which) that I always observed in thin insulated wires, 
shows that some other phenomenon exists in the dielectric. 

Our formula, perhaps, lacks recognition of the mutual action 
of the different dielectric layers. We imagine the dielectric divided 
into concentric rings, for which we calculate the strain; and if it 
surpasses the dielectric rigidity we have assigned to the dielectric, 
we say that it will be perforated. Each ring is not influenced by 
the others, according to this manner of viewing the phenomenon, 
except for the distribution of potential; afterward it is consid- 
ered as neither helped by nor helps the others. That is, perhaps, 
too statical a conception ; djmamical influences are not considered 
here, but perforation is dynamical. It requires a certain amount 
of energy, which is spent not only in the first layer we have con- 
sidered, but also in the others. The layers cannot then be ab- 
solutely independent. Let us take, for example, a sort of con- 
centric cable, the inner conductor made with a copper wire 4 mm 
thick, insulated with Jute to 8 mm; on the Jute, a thin brass tape 
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represents the outer conductor, insulated with a layer of 3 mm 
vulcanised rubber; the cable is then drawn into a lead pipe. Apply 
an 8000-volt transformer between the inner conductor and the 
lead, leaving the brass tape insulated. At this tension the jute is 
perforated, between the copper and the brass tape ; the jute is thus 
put out of service, and the total tension is brought on the rubber, 
which supports it very well. If we calculate the initial distribution 
of the potential, we see that the strain on the jute was 3300 volts, 
which is too much for this kind of insulation, which will burn. 
The layer of rubber cannot give any help to jute in this condition, 
for brass tape separates it from jute. 

But if we make a cable absolutely like this, but without the brass 
tape, the phenomena are quite different. No doubt the distribution 
of potential and the gradient are unchanged. Let us put in cir- 
cuit an eleetrodynamometer to measure the capacity current, and 
we shall have the following readings at the respective tensions: 
Volts 5000 7000 9000 11,000 13,000 15,000 

Deflection 33 63 105 150 230 397 

The deflections are in the ratio "of the squares of the tensions, 
whence we deduce that the capacity of the cable remained un- 
alterated, under current, after many hours testing, at potentials 
much higher than before. If the jute was perforated, burnt, or 
carbonized, the capacity ought to have increased, and the deflections 
would have increased more than according to a simple square law. 

This mutual aid explains why it is possible to mix together very 
different materials and get good dielectrics. For example, there are 
the various mixtures of rubber, or the micanite insulations, where 
many layers of different capacity and strength, such as paper, mica, 
shellac are wrapped alternately. But if we exaggerate, we shall 
end by burning the weakest dielectric layers, without perforating 
all the cable, which still continues to work. 

Such a phenomenon occurs in dielectrics, especially when (of 
organic matters, which are never homogeneous. By testing them 
at too high tensions, as required by some engineers, we may 
destroy the more strained and weaker particles of the dielectric, 
without immediately perceiving it. We have thus an idea of the 
reason opposing too severe voltage testings, which may produce 
deterioration in the dielectric. 

If we calculate with our formulae the thickness required to 
insulate for 50,000 volts, a wire of 0.1 mm diameter, assuming 
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we allow the dielectric to work at 4000 volts per mm, we find 
a number which can be expressed in millions of kilometers better 
than in millimeters. Such a bare wire suspended by insulators 
in air can effectively transport energy at 50,000 volts, although 
air has, of course, much less dielectric strength than rubber. But 
if we observe the wire in the darkness, we remark that it becomes 
illuminated. It is surrounded by a very vivid brush discharge, 
and the wire has the appearance of a uniform cylinder of light of 
great diameter. We can consider that air has become a conductor, 
as regards the distribution of the potential, to the limit of the 
brush discharge; and we have no longer a conductor of 0.1 mm 
diameter, but one having the diameter of the brush discharge. 
Even if we suppose this latter to be only 5-6 mm, the millions of 
kilometers are reduced to two meters. That is, a wire of 0.1 mm 
suspended in the air, two meters from the earth, will be the seat 
of a brush discharge having an apparent diameter of 5-6 mm when 
brought to 50,000 volts, if we suppose air has a dielectric strength 
of 4000 volts per mm. 

Such a phenomenon can, perhaps, occur in solid dielectrics, when 
the conductor is very thin ; perhaps the very first layers of insulation 
become conductors as regards the distribution of the potential. This 
may explain the higher dielectric strain supported by very thin 
insulated wires to which I referred above. This fact can, perhaps, be 
explained also by a deficiency of adherence between the dielectric 
and such a thin conductor ; or, perhaps, by some particular phenome- 
non on the surface of separation between conductor and dielectric, 
of which we have many examples in other branches of physics. 

The influence of the diameter of the conductor on the total 
strength of a cable can be very well placed in evidence by taking 
air as an insulator. If we have an aerial line on insulators, 1-| 
meters from the earth, with wires of different diameter, say from 
0.12 to 15 mm, and attach this line to one pole of a transformer, 
the other pole of which is attached to an insulated distant line, we 
remark that at a total tension on the transformer of 12,000 volts, 
only the 0.120-mm wire commences to show brush discharges, and 
that this phenomenon appears only at 185,000 volts with a 12-mm 
wire, while at 196,000 volts the 15-mm wire does not yet show 
brush discharges. (Fig- 3.) Under tension, all the wires exam- 
ined in the darkness appear to have about the same diameter, which 
is the one that reduces the gradient below the dielectric strength 
of the air. 
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Air is a good dielectric for such researches, for we can see what 
happens in the dielectric. Thus, if we submit a solid wire and 
stranded or braided wire having all the same external size, to a 
very high potential, we do not see any great difference in the poten- 
tial at which brush discharge commences. We can then foretell 
that the dielectric strength of a cable is not influenced very much 
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Fig. 3.— Brush dischabge voltage fob varying diameters. 

by the shape of the conductor, if stranded or solid wire, at equal 
diameter. But it is a difficult matter to judge the phenomenon 
exactly by sight. I tried to take photographs at 2 meters distance 
with a lens of 1 meter focal distance ; but photographs do not rep- 
resent the phenomenon as we see it. 

From another point of view, testing an insulated cable cannot 
give us a numerical value of the difference between a solid wire 
axid a stranded conductor, because of the irregularities and hetero- 
geneity of the dielectric. It would, therefore, be very useful to 
investigate the matter by mathematical analysis. In this very diffi- 
cult problem I happily was able to interest Prof. Levi-Civita. It 
is not possible to examine here this complex theoretical study and 
I shall limit myself to a few words. Let us consider a stranded 
conductor, and let m be the number of the wires in the external 
layer of the strand, and R the radius of the insulation. Let r be 
the radius from the center of the strand to the points of contact of 
a wire of the external layer, with its neighbors (nodal point of the 
external wire layer). (Fig. 4.) 
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In a solid conductor of radius r insulated to a radius B, we 
have seen (formula 3) that the maximum gradient for a potential 
equal to unity is 

_ 1 

^^- r log^ ^' 
r 



In the strand with m wires in the external layer, we shall have: 



G= G, — '-—- F^ , . 



1 1 



m 'A I 



SfSv 



where ;ot = - log^ 2 + 4 ^ "2v + i . 
m v=l 2 « + 1 



2 ^^ — 1 



.(10) 

.(11) 



and 



s =1.2020 55 = 1.0369, etc. 



are the sums of the inverse of the third, fifth, etc. powers of in- 
teger numbers; and ii" ia the symbol of the hypergeometrical series 
of Gauss. 




Fig. 4. 

These formulas allow one to calculate the gradient, but it is 
well to compare the gradient of a strand to that of a solid wire of 
the same section. Practically the total number of the wires in a 
regular strand, having m wires in the external layer, is given by 

^_^ , mjm + e) 
12 

and the radius of a single wire is a = r tan — , all the wires of the 

m 

strand having the same radius a. 

Let r' be the radius of a solid wire having the same section as 
the strand: then 



r' = r \/N tan — = «« 
m 
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Where e* = 4/iVtan — . The formula (10) becomes (taking 
decimal logarithms) 

log.o^-(.-e)X0.434 \2'2'' + -'^; . 

(12) 

0.434 
where G = 5 — represents the maximum stress in a solid 

r' logio- 

wire cable having the same B and the same section (for a potential 
equal to unity.) 

With a stranded conductor, the condition of maximum safety for a 
given B is 

r= T (13) 

eX2m 

or putting the radius r' in evidence as before 

^'=1^ • (1*) 

If we keep B and m constant and we vary a, the thickness of the 
elementary wire, the value of G given by the formula (13) increases 

when r' > —-, and diminishes in the contrary case. 

gH-."-e ■' 

If we keep constant the diameter of the insulation and the sec- 
tion of the conductor, the maximum strain, G, increases with m; 
but the term i^2 £-(/*—«) has for m = 6 the value of 1.232, and for 
m = 00 the value 1.358. They do not differ very much, and, for 
safety, we can assume i^'^s-C^— e)^ 1.26. The value of 0.434 
{/i — e) varies from 0.026 for m=^6, to 0.043 for m :^ 00 
and we can, for safety, assume it to be constant and = . 043. Then 
formula (13) becomes: 

logio-r 
<7=1.26 G' ^-^ (15 

logio — — 0.042 

The discussion of the formulas brings us to the conclusion that 

the ratio -7^,— that is the augmentation of the maximum stress in 
G 

a stranded conductor with respect to a solid wire of the same sec- 
tion — varies between the limits 1.333 and 1.463. The former cor- 
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lesponds to m = 6 with a ver}^ large thickness of dielectric; the lat- 

ter corresponds to m = oo and — - = 2 — that is to a thickness of 

r 

dielectric very small in practice. In the most favorable case, the 
ratio being 1.232, it is advisable not to use stranded conductors for' 
very high-tension cables, but to cover the strand with lead 
sheathing. 

We may observe that for m= ao , the gradient tends toward 
its highest value — higher than with a solid wire inscribed or cir- 
cumscribed with respect to m. This is not so strange, for the 
value of G affects only the small layer near the conductor, and how- 
ever great m may be, we shall always have an external layer of 
small circles, having (? = at the nodal points 6 of the external 
wires, and G a maximum at the loop points A. (Fig. 4.) This is 
true from a mathematical point of view; but, physically, we have 
some compensation between the maximum and the minimum, which 
will bring the value of the coefficient to unity; that is, physically, 
we shall have for a very great m the same value as with a solid wire.^ 

Experience confirms these deductions. I took a cable whose con- 
ductor was partially a solid wire 7 mm in diameter; partially 

1. From Prof. Levi-Civita's formulas we can compare the capacity of a 
solid wire r' insulated to R with the capacity of a stranded conductor of 
equal section, insulated to R. r being, as usual, the radius of the knot- 
points of the strand, the capacity of the strand is 

Cra^l I (16) 

log.- - p 

where z is the specific inductive capacity. This formula is true also for an 
irrepfular strand; for exam))le, a thick copper wire, surrounded by a number m 
of smaller wires, as used in some submarine cables. 

Introducing the conception of the solid wire of equal section we have, taking 
decimal logarithms: 

- -- 0-^31 (17). 



^ logio :?, — 0.434 Qj-e) 



while for the solid wire cable we have: 

O . n 



2 , R' 

logio - 
r' 



As /x — e is always positive and increases with m, we conclude that Cm > C 
and increases with m. At the limit, for m = oo 

_ " 434 _ _x 0.434 

'^ ~ ^ logio - — 0.042 ~ ^ logio - 
»■' r 

Generally, the thickness of the insulation is greater than the radius of the 

conductor and therefore logic — is generally > logio 3 = 0.301 ; therefore the 

increase of the capacity attains practically only a very small percentage. 
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strands of 7 X 2.34 mm, and 19 X 1-4 mm; and partially a solid 
wire of 6 mm surrounded by 40 thin wires of 0.5 mm diameter. 
They were all insulated with 5 mm thickness of jute. If we calcu- 
late the maximum strain per mm by our formulaSj we find that it is 
0.32 of the total tension in the solid wire, 0.418 in the 7-wire 
strand, 0.434 in the 19-wire strand, and 0.432 in the strand having 
an external layer of 40 thin wires. 

During the tests the 19-wire strand began to burn at 17,000 volts, 
and successively at 18-21-23-25 kilovolts; the 7-strand wire was 
first perforated at 19,000 volts, and successively at 20-22-24-25 
kilovolts; the strand of 40 thin wires began to be perforated at 29 
kilovolts, and afterward it experienced many other punctures from 
29,000 to 33,000 volts. The first puncture in the solid wire was at 
28,000 volts, probably a weak point, for the successive punctures 
were from 32 to 38 kilovolts. 

It is evident that the heterogeneity of the dielectric does not 
allow us to deduce any numerical law from these tests, but the 
general conclusion is that the solid wire is the strongest, and the 
7-wire strand is very little stronger than the 19-wire strand. That 
is in accordance with theory, but the strand of 40 thin wires ought 
to be the weakest of all, according to pure theory; whereas though 
less strong than solid wire, it is stronger than the other strands. But 
as I remarked above, theory points to a m'aximum strain for m = oo . 
while m = 00 is physically equal to a solid wire ; and we must admit 
that, in the case of m = 40, the physical average which we alluded 
to commences to have a great influence on the result. 

Of course theory cannot foretell such complex phenomena. First 
of all, theory considers dielectrics perfectly homogeneous; and, 
secondly, it cannot take into account the mutual aid of the neigh- 
boring layers, or molecules, which tends to equalize the gradient 
in any elementary zone. We must then be very careful in applying 
the results of theory. Theory must be for us like a lighthouse for 
sailors; we can use it to direct our course, but we do not depend 
iipon it indefinitely to save us from wreck. For example, we found 
that with a given R, the maximum safety is obtained by taking 

r = — . High-tension cables have generally r smaller than the 

e 

above ratio. After having calculated B, we might be tempted to 
augment r till that ratio was reached, as well as in the ..case where 
this thicker r is useless to carry the current; or we could imagine 
making the conductor of aluminum, thicker and more economical. 
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But we should not forget that the heterogeneity of dielectric would 
cause this to be dangerous; with an impurity present we have a 
smaller range of thickness to rely upon, and the cable would then 
break down. We can, of course, augment r a little, but less than 
theory indicates. I have followed this practice for some time with 
very high-tension cables ; the wire strand is covered with a lead tube, 
which augments its diameter. The lead has also the advantage of 
rendering the conductor round, and of preserving rubber from con- 
tact with copper in rubber cables, or in cables whose insulation is 
composed of rubber and paper, as I have explained above. 
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Fig. 5. — Potentials at successive badii. '^ 

It is said that a manufacturer has found it advantageous to sur- 
round the stranded conductor with a layer of thin wires, (say 1.4 
mm in diameter) separately wrapped with a small thickness of paper ; 
these wires are connected with the strand, so that no difference 
of potential exists between the strand and the wires. It is said that 
a gain of SO-25 per cent was thus found in the dielectric strength of 
the cable. I have not a large experience with such a type of cable, but 
some experiments I have made do not point to an advantage, and it 
would be difiBcult to explain why there should be an advantage with 
this type ; the small wires of the external layer become separated one 
from the other, so that equipotential lines must bend very much. 
If the advantage really exists, perhaps it is to be attributed to the 
larger specific dielectric strength of thin insulated wires, to which 
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I referred above, but in this case, would it not be better to use 
an external layer of thinner wires, laid on contiguously, without 
any special insulation on each wire? Some experiments which 
I have made seem to point that way. 

We can also test the theory by calculating the value of potential 
along a radius, and checking it in an experimental or model cable 
obtained by soldering a strand conductor and a ring upon a thin 
metallic sheet, and letting a current flow in the sheet from the 
strand to the ring. Potentials can thus be easily measured. Fig. 5 
shows the theoretical curve and the experimental one, which are 
very much alike.^ 

The above considerations allow us to calculate single-core cables. 
Three-phase cables can be calculated by considering one conductor 

2 . This theoretical curve /" = f (v) is obtained from the following formulae 
where v is the potential, whose value is zero in the inner conductor and 1 
in the lead sheathing, r, R, fi^ F have the meanings I have already ex- 
plained : It is to be remembered that F (a, §, r, x) is the symbol of the hyper- 
geometrical series of Gauss. 

a^ ^ a (a+l);?(/g-H) ^ a(«+l)(a-f-2) /?(/?+!) (;?-ha) ^ 

\r 1-2 r^r+i) i-2.3 ^'(^-i-i) (^'+2) 

p is the radius of the point P taken along a radius O A passing to a loop point 
A ; (Fig. 4) the potential at P has the -value V. 



Puttmgs =. e .(--) fl.. 1 , we have: 

\^/ H-s' 



if)-- 



;.(!_.) ^(i.i.'-^'«) 



-F'tt.i, i + ; 



10 



the 



The experimental curve was obtained in a model made to a scale 

conductor is a 7-wire strand, each of 3 mm diameter (30 mm in the model) 
insulated to a radius R = 18 mm ( 180 mm in the model). 



Values of 


In a strand of | 


7 wires, 
m = 6. 


19 wires, 
m = 12. 


87 wires, 
m = 18. 


m= 00. 


F^ (H.«, 14-^,}^) 


1.81 


1.34 


1.85 


1.89 


/» 


0.484 


0.282 


0.157 





e-/* 


0.615 


0.794 


0.854 


1 


e-y-. F* 


0.826 


1.05 


1.152 


1.39 


r 


1.782 


8.732 


5.67 


.... 


0.484 (yU-e) 


0.026 


0.034 


0.036 


0.042 


,1^-e 


1.062 


1.081 


1.087 


1.107 
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at a potential, of say, —= volts; we get then the radius of the 

insulation around each conductor. We can consider afterward the 
same conductor to be insulated for V volts; we get then the distance 
between the center of this conductor and the lead, and, therefore, 
the thickness of the extra insulator around the strand of the +hree 
insulated cores. The factor of safety for this- extra insulation need 
not absolutely be the same as for the former, as it corresponds to 
an abnormal case of a phase break-down. Compound cables, with 
rubber, paper and jute, are calculated according to the respective 
dielectric strengths of these materials, distributed in the depth of 
the dielectric, according to the radial gradient. 

Gutta-percha possesses also very great dielectric strength, com- 
parable to that of good rubber, 15-20 kilovolts per mm. It is not 
used for insulating cables for lighting or power purposes, because 
of its very high price, and especially from its low melting point. 
Such cables can easily reach a temperature which softens gutta- 
percha. A possible application of gutta-percha is for cables cross- 
ing lakes, rivers, and, generally speaking, for laying in cold water. 
It is then advisable to make a first layer of rubber insulation, on 
which gutta-percha is laid so that the latter, being in contact with 
external cold water, cannot heat very much. Many manufacturers 
do not trust the impermeability of rubber cables, and this external 
coat of gutta-percha, absolutely waterproof, adds its own dielectric 
strength to that of rubber and obviates the inconvenience of having 
a heavy lead pipe, as employed by the manufacturers to which I have 
alluded. It is often advisable in such cables to avoid splices, and 
for the sake of facility of transport and laying, they can be single- 
cored, rather than three-cored. I may add that single-core cables 
for very high tensions, requiring generally a low current strength, 
can often be armored with steel wires ; the steel wires can be 
separately wrapped with tarred manilla, in order to lessen the sec- 
tion of the metal and increase the magnetic and electric resistance 
of the cross-circuit. For example, a 3.5-mm steel wire wrapped to 
5-6 mm with manilla, may be used without any great inconvenience 
from hysteresis or self-induction; the drop of pressure by self- 
induction can have in such cables no more importance than the drop 
by ohmic resistance. 

I would like to add something on the properties of various in- 
sulating materials, but I fear I have already passed the limit set for 
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papers. I shall, therefore, only say that these materials are in- 
fluenced by Eontgen rays, which lessen their specific insulation 
and perhaps also their dielectric strength. But cables are not 
made to be submitted to such rays, although they often experience 
brush discharges and some other emanations, which may have 
similar influences. I should like to add that temperature lessens 
the resistance of the insulation very quickly, as expressed in meg- 
ohms. A paper cable at 35 deg. C. shows but one-thirtieth of the 
megohms it has at 15 deg. 0. But temperature has very little influ- 
ence upon strength to resist breakdown. Pabn oil melted at 50 deg. 
C. gives a strength corresponding to that of the best oils for trans- 
formers at ordinary temperature. I have drawn experimental curves 
of dielectric strength of melted paraffine at 55 deg. C. and at 85 deg. 
C. from 10 up to 160 kilovolts; they are very similar. This allows 
us to conclude that in this respect cables cannot diifer very much. 
I have tested two reels of paper cables, each cut in 5 pieces, immersed 
in baths at deg., 15 deg., 35 deg., 70 deg. and 100 deg. C. The 
dielectric strength did not lessen by raising temperature, perhaps at 
deg. it was less than at 70 deg. I noted in some oils something 
similar, but dielectric strength is too complex a phenomenon to be 
discussed on small experimental differences. Of course, that cannot 
justify us in working at high tensions with cables too much heated, 
for it is probable that heat would facilitate a chemical decay of the 
dielectric ; but a momentary elevation of temperature is not so much 
to be feared as one would think at first sight. 

In conclusion I may say that the above considerations can be 
applied to some other matters. They explain, for example, the 
brush discharges between the petticoats of insulators. An insulator 
with many petticoats can be considered like a system of condensers 
in series; a large part of the tension is taken by air, which has 
3 to 4 times less specific inductive capacity. They explain the 
" digestion " of the wooden pins with iron cores, in the insulators ; 
for the gradient is greatest in the pins, and they become carbon- 
ised with age. They explain also the phenomenon that insulators 
tested with pins stand less than when tested with water, for water 
offers a larger and smoother surface. They explain the brush dis- 
charge at the surface of an insulated wire, drawn into a metallic 
pipe (for example in crossing a wall), for we have added in this 
case an external layer of air to the solid insulation; but air has 
a low s.i.c, and, therefore, it absorbs much tension, with a too 
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large gradient. In a similar manner we can explain the brusb 

discharges at alternators, dnring very high-tension tests. These 

considerations explain also why the alternator coils separately 

wound, and wrapped with alternate layers of tapes and varnishes, 

are generally perforated in a comer of the coil, or corresponding 

to an external corner of the conductor, for there is here a higher 

gradient. They suggest some improvements in the construction 

of insulated coils for alternators, for example, by increasing the 

radius of curvature of the bunch of conductors,* or, by employing 

in the innermost part of the insulation some material like mica, 

which has the highest s.i.c, together with the highest dielectric 

strength against puncture. In short, they explain many facts 

which have been observed in practice. 
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with synchronous motors, 61. 
Regulators, induction, 249. 
Revolving field generator, 70. 
Right of way, 73. 

Sacbamento Gas and Electric Rail- 
way Co., 31. 
Sag of conductors, 111. 
Shawnigan-Falls insulator, 142. 
Siemen's arrester, 180. 
Sleet, 74, 104. 

on high-tension wires, 112. , 
Smoke and fog, 74. 
Soldering aluminum, 101, 1'02. 
Spark distances, 82, 93. 
Spark distance as affected by 

ground, 88. 
Spark-gap apparatus, 83. 
Speed regulation of plants in paral- 
lel, 236. 
Standard Electric Co., 31. 

voltages, 68. 
Standards in practice, 67. 
Star and Delta connections, merits 
of, 73. 
connection of transformers, 15. 
Static discharges in air-blast trans- 
formers, 13. 
Station voltage, 71. 
Steel cables, stress and strain dia- 
grams, 128. 
elasticity of, 129. 
expansion coefficient, 129.' 
wire, 125. 

stress and strain diagrams, 
126. 
Strain diagrams, 121-128. 
Strength, aluminum, 101. 
Stress diagrams, 121-128. 
Surge voltage, 44. 
Surges, effect on amount of power 
transmitted, 43. 
on transmission lines, 40. 
systems, 60. 
Switch (oil), 60,000 volt, 47. 
Switches for transmission systems, 
47. 
high-tension, 72. 

air-break, 245. 
mounting of, 217. 
Switching, high-tension, 72. 

Telephone circuit, installation of, 
188. 
(first), 1. 

wires of aluminum, 102. 
Telluride Power Co., pioneer work 
on, 198. 



Towers, 46, 75. 

cost of, 46. 

life of, 75. 

steel vs. wood, 119. 
Transformer ease, 11. 
Transformers, air-blast, 13. 
fire-risk of, 13. . 
static discharges in, 13. 

case ribs, 19, 21. 

classification of, 10. 

coils, mechanical support of, 11. 

cooling of, 12. 

corrugated cases, 21. 

cost as affected by the efficiency. 

Delta connection of, 15. 
design of 300,000 volt, 29. 
500, 000 volt, 28. 
eflSciency of, 15. 
fire-risk of, 20. 
for long distance transmission 

line.s, 47. 
grounded neutral, 15. 53. 
high-tension, development of, 
9, 10. 

progress of, 16. 
insulation from earth of, 20. 
insulation of, 11. 

test of, 47. 
magnetic circuit of, 11. 
oil-cooled, 12. 
oil-insulated, 12. 

a method of reducing fire- 
risk, 14. 

fire-risk of, 14, 18, 22, 23. 
oil-insulation as affected by 

moisture, 23. 
oil, specifications for, 14. 
polyphase, 15. 
radiation of, 21, 22. 
reactance in, 11. 
regulation of, 15. 
relative fire-risk of, 13, 71. 
self-cooling, 12. 

limitations of, 12. 
Star and Delta connections, 73. 

connection of, 15. 

or Delta connections, 245. 
types of, 71. 
ventilation of, 11. 
water-cooled, 12. 
water-cooling, effect upon cost 

of, 22. 
winding of, 11. 
Transmission line calculation, 33. 

charging current, 33. 

inductive drop, 34, 42. 

limit of power carrying 
capacity, 43. 

opening under load, 40. 
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short circuit, 40. 
reactance pressure, 34. 
regulation with synchro- 
nous motor, 61. 
surges on, 60. 
volts per mile, 69. 
lines, all-steel construction, 228. 
all-wood construction, 210, 

212. 
arrangement of, 240. 
causes of interruption of, 
177. 
of short circuits, 244. 
clearing of short circuits, 

245. 
climatic conditions, 178. 
conductors ( see Conduct- 
ors), 
for, 153. 
construction and insulation 

of lines, 152. 
cross-arms, 75, 153. 
difficulties in, 177. 
first high-tension, 140. 
fog, 54, 74, 175. 
general design of, 152. 
insulation of, 159. 
insulators, 44, 76. 
lightning arresters, 50, 80. 
horn vs. multiple 
gap, 64. 
disturbances, 246. 
line construction, 46. 

patrol, 80. 
long spans, 228. 
pins, 46, 77, 153. 
poles for, 74, 75, 153. 
pressure rise due to charg- 
ing current, 35. 
rain on, 228. 
sag, 131. 

short circuits on, 181. 
sleet on, 112. 
smoke, 74. 
spans, 131. 
steel towers, 157. 
surge voltage on, 44. 
surges, 40. 
swinging of wires, 135. 
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towers, 75. 
troubles on, 179. 
of power as aflfeoted by surges, 

43. 
plant ( first long didstanee ) , 4. 
systems, operation, 47. 
regulation of, 36. 
switches, 47. 
switching, 72. 
transformers, 47. 
unexpected sources of 

trouble, 183. 
voltage, 54. 

limitations of, 65. 
Two-phase transmission, 72. 

Vacuum treatment, 190. 
Valley Counties Power Co., 31. 
Ventilation of transformers, 11. 
Voltage (economical), formula for, 
265. 

for various spark distances, 82. 

on transmission line, 54. 

rise due to opening short cir- 
cuit, 62. 

station, 71. 

(working), limitations of, 05. 
Voltages, standard, 68. 
Volts per mile, 69. 

(reactance) in line, 34. 

Water, pure (effect on cost of 
power), 7. 
resistance, effect on e.m.f. 
curve, 83. 
spark distance, 84. 
Water-cooled transformers, 12. 
Wave form, 83. 
Weight, aluminum, 101. 

relative, of different conductor 
metals, 129. 
Wind pressure, 105, 106, 130, 135. 
formula for, 106. 
velocities, maximum, 107. 
Winding of transformers, 11. 
Wood used for pins, 78. 
poles, 75. 

Yuba Electric Power Co., 31. 
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